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Abstract

Presented in this study is an investigation of turbulent flow and heat transfer near
narrow gaps of rod bundlcs. At first. practical empirical correlations for the subchannel
average and the gap local heat transfer coefficients were fitted to cxperimental results
available in the literaturc. Then. the thesis presents a new technique. using a pendulum, for
the calibration of hot-wirc anemometers over low vclocity ranges. a signal analysis
procedurc for thrce-sensor hot-wire probes, and a method for the cnhancement of the results
of the Variable Interval Time Average (VITA) conditional sampling technique. all used in
the main experimental study.

The experimental investigation was conducted in a rectangular channel with an
aspect ratio of 2/3, containing a suspended rod. having a diameter cqual to half the channel
height. The rod was positioned so that it would form a narrow rod-wall gap with the channel
basc. The flow Reynolds number, based on bulk velocity and hydraulic diameter, was
140.000. Two-point correlations and conditional sampling mcasurcments, using hot-wire
anemometry. as well as flow visualization werc employed in this study. The experimental
investigation substantiated the occurrence of large-scale cohcrent structures in the gap
region. documented their properties and proposed a physical model for them. An explanation
for their formation and spatial configuration was also offered. The insensitivity of the
intersubchanncl mixing and the local heat transfer coefficicnt to the gap size was explained
as a result of the presence of thesc coherent structures in the gap region. The turbulence
structure in the gap region was also investigated. Measurements of the coherent. incoherent
and Rceynolds avcraged statistical propertics of the flow were presented and compared to

thosc in turbulent pipc flow.
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Nomenclature

geometry parameter in Equation (3) of Chapter 2, also constant in Equations (7) and
(13) of Chapter (6) and Equation (1) of Chapter (7). and subchannel flow cross
scction

surface area of heated element

exponent in the convective heat transfer correlation

constant in Equations (8) and (13) of Chapter 6 and Equation (1) of Chapter (7). also
ratio of the equivalent diameter of surrounding subchannels and rod diameter
exponent in the convective heat transfer correlation

constant in the laminar friction factor relationship. also constant in the convective
heat transfer correlation

skin friction cocfficient

heat capacity

gap clearance

rod diameter

subchannel or bundle equivalent diameter

equivalent diameter of the K surrounding subchannels

hydraulic diameter

hydraulic diameter of subchannel i

Preston tube diameter, also hot-wire diameter

anemometcr voltage output

anemometer voltage output for zero flow velocity

anemometer voltage output when the hot-wire is placed at radius r; on the pendulum
arm

flow area

friction factor, also frequency
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Re,
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geometry factor

geometry parameter in Equation (3) of Chapter 2

mass-velocity in subchannel /

Grashof number

convective heat transfer coefficient, also enthalpy

pitch coefficient for sensor /

ratio of the bundle average heat transfer coefficient and the circular tube coefficient
ratio of the minimum local heat transfer coefficient and the bundle average
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thermal conductivity, also kinetic energy of turbulence, and threshold level in VITA
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length of heated element of the wall shear stress probe. also the wire length of the
hot-wire probe, and streamwise distance from entrance

integral length scale

maximum vorticity length

mixing Stanton number

number of detected events

Nusselt number

exponent in Equations (7) and (13) of Chapter (6) and Equation (1) of Chapter (7)
pitch (distance between rod centers), also pressure

Prandtl number

subchannel wetted perimeter

pressure fluctuation according to Reynolds decomposition

designates any random process

convective heat flux, also heat flux around the periphery of the rod

clectric resistance

spacc-time correlation of the two quantities indicated in the subscript

hot-wire resistance at temperature 7

Reynolds number

Reynolds number based on the bulk velocity and the channel hydraulic diameter

Reynolds number based on free stream velocity and length along the flat plate
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radius along the pendulum arm

radius along the pendulum arm for position i

production term for secondary flows containing the turbulent shear stress
production term for secondary flows containing the turbulent normal stresses
Strouhal number based on the friction velocity

temperature, also period of oscillation of the pendulum arm

free stream temperature

average of wire and free stream temperatures

reference temperature

wire temperature

time

specified time with respect to the occurrence of the structure of interest

streamwise velocity component, also free stream velocity for the flow over the flat

plate

velocity at x=0

convection speed of the structures

effective cooling velocity

streamwise fluctuating velocity according to Reynolds decomposition

friction velocity

subchannel average friction velocity

velocity magnitude

velocity component normal to sensor i and to the plane of its supporting prongs
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streamwise incoherent velocity component

velocity component tangential to sensor ¢

transverse velocity component

transverse fluctuating velocity according to Reynolds decomposition
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wall subchannel width, also spanwise velocity component
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w, spanwise incoherent velocity component

X distance along the flat plate, also streamwise dimension

x variable defined in Equation (2) of Chapter (6)

y transverse dimension, normal to the bottom channel wall

v variable defined in Equation (2) of Chapter (6)
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Greek symbols

a acceleration parameter, also expansion/contraction factor in the enhanced VITA
technique, and wire angle with respect to mean flow dircction

&g AVErage expansion/contraction factor in the enhanced VITA technique

a, temperature coefficient of resistivity

Vi polar angle

y azimuthal angle

a4 pressure-gradient parameter, also symbol indicating difference or uncertainty of a
quantity when preceding it

AP,  pressure reading of the Preston tube

AT temperature difference between the hot film and the fluid

o; angle between sensors of the three-sensor probe, defined in Figure 7.6

€ turbulence kinetic energy dissipation rate, also eddy diffusivity

€m average eddy diffusivity of heat, used to model diffusion between adjacent
subchannels i and j

€y root mean square of the velocity difference in half the forward swing of the
pendulum

Tk Kolmogorov microscale

o, angular positicn of pendulum arm at time z

A streamwise spacing of the structures
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Il fluid dynamic viscosity
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fluid kinematic viscosity

fluid density
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standard deviation

~

time corresponding to a reference phase

wall shear stress

peripheral coordinate
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vorticity vector
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Subscripts
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Introduction

Rod bundles form the basic configuration for almost all fucl clement designs uscd
in existing and planned nuclear power reactors. These fuel rod bundlcs consist of a parallcl
matrix of rods. containing fissile materials cnclosed. for most reactors. in a Zircaloy sheath,
and arranged in a compact pattern, thus resulting in the formation of interconnected flow
subchanncls. The coolant flowing through the channel removes the heat generated by the
nuclcar fission. Although it is desirablc that the coolant flowing in thc various subchanncls
be heated uniformly, this docs not always happen. Temperature differences arise because
of diffcrent flow rates in different sized subchannels, different heated perimeters and non-
uniform power distribution across the bundle. In such cases and for bare bundles with no
pressurc gradicents between adjacent subchannels, heat will be transferred from the hotter
subchanncls to the cooler oncs by turbulent diffusion across the rod gaps. This proccss is
called "intersubchannel mixing".

The maximum attainablc thermal power rate that can be produccd by the reactor is
limited mainly by factors such as fission gas production, maximum fucl centre-line
temperature ., corrosion of the sheath and Critical Heat Flux (CHF). The maximum
allowable fuel temperature is sct in order to prevent fucl melting. Corrosion gencrally sets

a limit on the sheath tempcrature. This limit corresponds to the temperature at which a



chemical reaction between the sheath and the coolant takes place. For example. when the
temperature exceeds a certain value. steam reacts with zirconium in the zircaloy sheath to
producc hydrogen gas and zirconium oxide. This sheath-coolant interaction is most likely
to occur following the loss of cooling capability and may result in severe damage to the fuel.
The Critical Heat Flux (CHF) must be avoided to prevent sheath oxidation and/or melting
(Knief, 1981). Nuclcate boiling produces very high heat transfer rates but. at some critical
heat flux. the heat transfer detcriorates. allowing the surfacc temperaturc to increasc
suddenly. The hcat transfer deterioration is cxplained by the fact that. under certain
conditions, there is no morc liquid near the heated surface. and heat is transferred mainly by
convection and radiation through the vapour phasc.

The most scvere "design basis accident” is considered to be a complete rupture
("guillotine” break) of a large pipe in the primary coolant circuit. This accident is commonly
categorized as a "Loss-Of-Coolant Accident” (LOCA). LOCA scenarios range from small
lcaks in minor piping to large ruptures of a major primary coolant linc. Should a large break
occur in the primary coolant circuit, the loss of pressurc would cause  the water near the
break to "flash” into steam. As a result of the coolant loss. some of the fuel rods could be
damaged and radioactive products may be relcased.

The accurate prediction of temperature fields and CHF characteristics. under normal
and LOCA conditions, is important to the safc and economic operation of nuclecar rcactors.
Improved predictions requirc a more detailed knowledge of the velocity ficlds in the
subchanncls and a better understanding of mixing between interconnected subchannels. At
present, the intersubchanncel mixing process has not yct been completely explained, duc to
the incomplete understanding of the turbulent flow structure in rod bundles and the degree
by which it is affected by gcometry.

Fuel rod bundles arc designed such as to maintain a relatively uniform temperature
under normal rcactor operation. However. the gcometry of parallel heated rods gives rise to
a non-uniform distribution of coolant vclocity around the rod periphery. which results in
peripheral variations of local heat transfer cocfficients and of local temperatures, in addition
to the temperature differences caused by the variation of the thermal-ncutron flux.

Distortions to thc bundlc gecomctry might result from the displacement or

misalignment of a rod, duc to flow-induced vibrations, or from the bowing of a rod under



thermal stress. A reduction in subchannel size or in gap width would causc a change in the
thermalhydraulic performance of the bundle. which might Icad to further temperature
variation and peaking. As indicated above. temperature variation and pcaking are
undesirablc, as they limit the allowable, safe. thermal power rate.

Therefore, the detailed knowledge of the thermalhydraulic characteristics of rod
bundle flows under design and distorted geometries is cssential for both the cfficient and
safc opcration of nuclear reactors.

[n addition to rod bundles, a varicty of compound channel flows. in applications
ranging from river hydraulics to air-conditioning and cooling of clectronic devices. involve
a flow parallel to a narrow gap. An understanding of the physical phenomena controlling
flows parallel to narrow gaps will also be beneficial to applications in the above arcas.

[t was deduced from a review (presented in Chapter 2) of the available voluminous
literature on the subject, that the geometric complexity and diversity of rod bundle
subchannels gencrate a varicty of phenomena not encountered in circular pipe flows. Some
of these phenomena have barely been identified and explained. others have been the subject
of contradictory hypotheses. In particular, insufficient knowlcdge is available on flow and
heat transfer characteristics ncar narrow gaps. The only way to resolve these issucs is by
systcmatic measurcment in appropriatcly designed and instrumented systems.

The present work is aimed at investigating the turbulent flow and the heat transfer
in rod bundles. The first stage of the work was donc in responsc to an immediate need of the
nuclear industry. It was dedicated to cstablishing practical cmpirical correlations, based on
cxperimental results available in the literature, of the subchannel-averaged and the minimum
local heat transfer cocfficients with gecometrical factors of rod bundlcs. The second stage and
main part of thc work addresses the physics of turbulent flows in narrow gaps.
Understanding and documenting the flow phenomena controlling turbulent transport in the
gap region constitutes. in the long term. the only approach with potential to offer flow and
hcat transfer solutions free of. or weakly relying on. empiricism. This part of the work
involves an experimental investigation of the turbulence structure in the narrow rod-wall gap
of a rcctangular channcl, with an aspect ratio of 2/3, containing a suspended rod. having a
diamcter cqual to half the channel height. This simplc test-scction gcometry with a relatively

open aspect, rather than a full rod-bundlc, was sclected in order to isolate the ceffect of the



gap. The experimental investigation substantiates the occurrence of large-scalc coherent
structurcs in the gap region, documents their statistical properties and proposes a physical
modecl for them. Also presented arc developments or improvements of experimental
techniques that were realized during the course of this rescarch.

[t is hoped that the results of the present study will contribute to the physical
understanding of flows parallcl to narrow gaps. in gencral, and bundlc flows, in particular,
and would be useful towards further development of thermalhydraulic codes for reactor

design and safety analyscs.



Literature Review

To help situate the problem and assess current knowledge in the field, a critical
review of the available literature on the subject represents the first step in a research
program. Our intercst in the flow and heat transfer in the gap region of rod bundles is part
of a program aimed at investigating the flow and heat transfer characteristics in rod bundles
with distorted geometries. The material has been divided in sections, which occasionally
overlap. but clearly identify the main phenomena that are relevant to this field. Although
emphasis has been given to experimental studies of isothermal flows in relatively simple rod
bundle arrays. heat transfer investigations have also been reviewed. A thorough review of
computational studies, summarized in Table 2.1, has also been performed (Guellouz and

Tavoularis, 1992b). For conciseness. only its main conclusions are included here.

2.1 Friction Factor and Wall Shear Stress Distributions

Gunn and Darling [1963] reported friction factor measurements for four ducts,
illustrated in Figure 2.1, over a Reynolds number range from 200 to 100.000. The
experimental results showed that the transition to turbulence in non-circular conduits

occurred at lower Reynolds numbers than those for transition in circular pipes. In the
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transition region. the sharp increcasc of the friction factor. characteristic of the circular pipe.
was substantially diminished in the non-circular sections. In fact, the transition took place
over a wider range of Reynolds numbers. Gunn and Darling [1963] observed that this would
apparently occur in scctions with large wall shear stress variations. They further noted that
the cocxistence of turbulent and laminar flows in such ducts suggests cither that the
transition to turbulence takes place in stages. with one part of the flow first becoming
turbulent and followed by others. or that the part of the channcl which first became turbulent
is gradually widening. For fully turbulent flows, the friction factors for all channels.
excepting the four-rod bundle, were lower than values bascd on the Nikuradse relation for
circular pipe flow. It was observed that, if two scctions had close valucs of the friction
factors in the laminar regime. they would also have closc valucs in the turbulent regime.
Similarly, sections with turbulent friction factors close to the corresponding values in round
pipes were scen to have laminar friction factors comparable to those in pipe flow. For

laminar flows in non-circular conduits. the friction factor obeys the relationship

- C
" Re W

where the constant C is characteristic of the scction geometry.

[bragimov et al [1967] proposed a procedure to calculate the friction factor for
turbulent flows in non-circular channels. cspecially in rod bundles. They explained that the
friction factor in various channcls differs significantly from the values for circular tubes (c.g.
the Blasius formula), becausc the correct valuc of the hydraulic diameter in complicated
geometrics would be different from that cstimated bascd on the usual definition (i.e. four
times the cross scctional arca divided by the wetted perimeter). They stated that. unlike in
wide channels, in a narrow clement the transfer of large-scale eddies along the wetted
perimeter, lcading to a smoothing of the velocity variation, would be difficult. Thus. the
resulting velocity distribution could be rather irrcgular with maxima and minima occurring
at locations possibly between geometrical extremes or symmectry points.

Rehme [1973] presented a method for the prediction of friction factors of turbulent
flow in non-circular channels. First, he reviewed a work by Maubach (because the original

publication of Maubach is not availablc. we shall convey Rehme's presentation of the



relcvant information). In addition to relation (1) for laminar flow. Maubach dcfined the

turbulent relationship

Umax - Uh
Gz Q)

where U,,, is the maximum velocity. U, is the bulk velocity and «” is the friction velocity.
He was able to prove that G was a geometric factor and that for cach channcl shape. G has
a characteristic valuc, independent of the channel roughness and the flow Reynolds number.
Rechme [1973] noted two common characteristics of channels with variable circumferential
wall shear stress: a) a variable curvature of the walls (either. as in the casc of annuli. with
different radii of curvaturc of the walls or, as in the case of triangular ducts. with
discontinuities in the curvature of the wall in the corners). and b) the existence of zero shear
stress lines in the flow ficld. The channcl can be subdivided. along these lincs. into parallel
subchannels. across the boundaries of which. there is no net momentum transport. Taking
advantagc of this subdivision, and using the smooth circular tube relations, Maubach derived

an expression for the friction factor of the entire channel as
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D; and Dy, arc, respectively, the hydraulic diameter of cach subchanncl and of the entire

and

channcl; F and F; arc the cntire flow arca and the subchanncl arca; and 4 and G are



geometric parameters which were demonstrated to be independent of the flow conditions.

The friction factors in laminar and turbulent flows. normalized by the circular tube
friction factor, showed similar behaviours with respect to channel geometry. although the
dependency was more marked in laminar flows. This confirmed the obscrvations of Gunn
and Darling [1963]. The method proposed by Rehme [1973]. called the G'-method. was
bascd on this similarity and. as noted by him. it is only justificd by the good agrcement
between its predictions and the available data for various non-circular channels. The G-
method consists of relating the A and G~ constants to C. So. it requircs only the knowledge
of the gcometry factor, C. for laminar flow. which can be calculated casily for most channcls
occurring in practicc. Then. the corresponding valucs of 4 and G arc uscd in Equation 3.
in order to calculate the friction factor for turbulent flow for the given geometry and
Rcynolds number. This method tested well for triangular ducts. cccentric annuli and rod
bundles. However, influences of coherent structurcs and of sccondary flows, known to cxist
in non-circular gcometries, arc not taken into account by this method.

Presser [1971] performed an experimental investigation in a rod cluster modcliing
a ncarly infinite. triangular array. rod bundle. with pitch to diameter (P/D) ratios of 1. 1.02,
1.05. 1.2 and 1.67 and over a Reynolds number range from 200 to 200.000. He found the
cmpirical cocfficients in the turbulent and laminar flow relations for the friction factor to
depend on the P/D ratio. In fact, for turbulent flows, a strong variation of the friction factor
was observed for P/D from 1 to 1.05 and a milder variation for P/D between 1.05 and 2. For
greater P/D ratios no systematic dependence of the friction factor on P/D was scen.

Rehme [1972] distinguished four parameters characterising the rod bundle geometry:
the pitch to diamcter ratio. P/D. the wall-subchannel width to diameter ratio, W/D. the
number of rods in the bundle and the shape of the channel. His study was limited to the
hexagonal arrangement of rods. whilc both P/D (P/D=W/D) and the number of rods were
varied. A total of twenty five test sections were used. with Reynolds numbers ranging from
600 to 5x10°, P/D varying from 1.025 to 2.324 and the number of rods being 7. 19. 27 or
61. Rehme [1972] observed that the number of rods in the bundlc had no effect on the
friction factor calculated based on the bundle hydraulic diameter. Also. the P/D influence
on f was scen to be very weak for P/D>1.1. Nevertheless, defining a characteristic length

so that the friction factor curves for all rod bundics would collapse appears to be impossiblc,



even in the laminar regime. A sudden change from laminar to turbulent flow could not be
detected for most of the studied rod bundles. However. an area of transition. in which the
friction factor coefficient gradually changed from an essentially laminar behaviour to a
turbulent one. was observed. Rehme [1972] further introduced the ““equivalent annular zone”
concept. The *"equivalent annular zone" is defined as the annular zene of the same area as
the hexagonal elementary cell around each rod in an infinite rod bundle. Rehme [1972]
noted that this concept led to good approximations in rod bundles with /D> 1.2. for which
the wall shear stress was relatively constant around the perimeter of the rod. For smaller P/D
ratios. the friction factors were below those of the equivalent annular zone. According to
Rehme [1972]. this resulted from the non-uniform wall shear stress and velocity
distributions. The *"equivalent annular zone" friction factor value represents an upper limit
to the friction factors in rod bundles. In fact, channel walls and irregularitics in the rod
bundle array tend to lower the friction factor. The latter was seen to depend on the P/D ratio.
It increased rapidly from 60% of the circular tube value at P/D=1 to approximately 100%
at P/D=1.08. For higher ratios, the friction factor increased to only 110% of the pipe flow
value for P/D=2.

Marek et al [1973] used two square array rod bundles with respectively 9 and 16
rods. The P/D ratio was 1.283 and the Reynolds number varied from 10 to 3x 10°. Heated
and isothermal experiments were performed. Marek et al [1973] showed that the *"cquivalent
annular zone" is also the upper limit for the friction factor for square arrays. They observed
that a bundle with a specific P/D ratio and W/D<P/D, would exhibit, as W/D was increased.
an increase in the friction factor up to a flat maximum at W7D =P/D. This maximum was
seen to approach the value for an infinite rod bundle, as the number of rods increased.

Marek et al [1973] stated that their measured results with and without heating
showed that the correlation of friction factor suggested by Taylor [1967]. for laminar and
turbulent flows in smooth pipes with different bulk and wall temperatures, would also be
applicable to rod bundles. The method of correlation proposed by Taylor [1967] was
motivated by the limitations of the available correlations based on the film temperature (half
the sum of the surface and bulk temperatures). His empirical correlation is a modified (based
on experimental data of seven investigators) form of the Koo, Drew and McAdams relation
(McAdams, 1942). In turbulent flow, it yields
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Kjellstrdm's [1974] estimates of the central subchannel friction factor supporied the
prediction method of Rehme [1973] and were higher than the friction factor for a smooth
tube. Kjcllstrom [1974] found the variation of the wall shear stress not to be monotonous
within cach subchannel, with the maximum wall shear stress occurring at an anglc 10 to 12°
from the open flow arca towards the gap. A similar cffect has been noted by Carajilescov
and Todreas [1975] and Hooper [1980] in triangular and rectangular array rod bundles.
respectively.

Kacker [1973] mcasured wall shear stress distributions in an eccentric annulus with
a diamcter ratio of 5.68 and a two-rod scction, with the samc inner and outer tube diamecters.
For the annulus casc, he found the maximum wall shear stress on the rod surface to occur
at an angular position 60° from the position of maximum flow arca. Similar bchaviour was
obscrved by other investigators in non-circular geometries where secondary flows were seen
to be active. The maximum wall shear stress variation around the rod perimeter was about
13%. The wall shear stress (normalized by their respective averages) on both the pipe wall
and rod surface was independent of the Reynolds number in the range 3.7x10° to 2.15x10°.
In the two-rod geometry. the maximum wall shear stress on the rod surface occurred in the
gap between the two rods. The maximum variation of the wall shear stress was 10%. in this
casc, with a large angular sector (about 75°), where the distribution was nearly uniform.
Kacker [1973] explained the observed shear stress uniformity to the increased momentum
transfer duc to sccondary flows.

Fakory and Todrcas [1979] performed measurements of wall shear stress in a
triangular subchannel (P/D=1.1). For Reynolds numbers larger than 9.000. their wall shear
stress distributions (normalized by the corresponding average valucs) for different Reynolds
numbers were similar. They observed a monotonic variation of the wall shear stress around
the rods, with the peak at the maximum flow arca. They concluded that no detectable
sccondary flow cffects were present.

Abdclghany and Eichhorn [1986] mcasured wall shear stress distributions in a 3x6
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square rod array with P/D=4/3 and W/D=2/3. They obtained maxima near the maximum
flow area and minima close to the gaps between the rods and the walls. They observed an
influence of the corners and the side walls on the shear stress distribution. The average wall
shear stress around the rod surface was smaller for rods closer to the corner and larger for
rods in the centre of the bundle. On the other hand, the peak-to-peak variation was largest
for rods closest to the corner. Their measured velocity profiles, plotted in semi-logarithmic
coordinates, haci the same slope as the law-of-the-wall but a smaller intercept. They
attributed this difference to the effects of velocity gradients, due to the curvature of the
isovelocity lines and to the effects of secondary flows. They used the Clauser plot with the
law-of-the-wall to estimate the local friction factor from the velocity data. The distributions
determined in this way agreed well with the measured ones.

Trupp and Azad [1975] found a friction factor higher than the one corresponding to
pipe flow at the same Reynolds number. They postulated a relation similar to the one
commonly used for pipe flow, i.e. f=C Re". Least square fitting to their data provided values
of the constants C and n, which were shown to be a function of P/D. Howcver, they warned
that the resulting expressions for C and n should be applied with caution to other similar
situations. Their measured local wall shear stress did not increase monotonically from the
gap to the open flow area as predicted by computational schemes ignoring secondary flows.
As a possible explanation. it was inferred that secondary flows acted to smoothen the wall
shear stress distribution.

Hooper and Rehme [1984] found that the minimum wall shear stress in the rod-wall
gap changed relatively slightly for their three larger W/D (i.c. 1.118, 1.096 and 1.071). but
the reduction became more marked for W/D=1.048 and 1.026. The authors also noticed
some shift in the position of maximum shear stress towards the rod-wall gap with decreasing
W/D. Although they attempted to link the observed flow features to the influence of possible
mean secondary flow cells, they observed little evidence of significant secondary flow
velocities. even at low W/D ratios.

In a recent study. Ouma and Tavoularis [1991b] mecasured the wall shear stress
distributions around the central rod of a five-rod outer sector of a CANDU type 37-rod
bundle. They found minima at the rod-wall and the rod-rod gaps and maxima at the open

flow regions. The minimum wall shear stress at the rod-wall gap and the average one
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decreased dramatically only for very small rod-wall gaps. The local friction factor not only
varied appreciably around the rod as the gap decreased. but also had values much larger than
the average friction factor based on the subchannel bulk velocity. due to the variability of
the local flow width. Therefore, it was stated that in subchannels with strong non-uniformity
of the local flow width. the use of subchannel averages to predict the variation of the local

properties could lead to appreciable errors.
2.2  Measurements of Velocity Distribution and Turbulence Structure

Eifler and Nijsing [1967] performed an experimental investigation of mean velocity
distribution and pressure drop in a test section modelling a triangular array rod bundle for
P/D ratios equal to 1, 1.05. .1 and 1.15 and Reynolds numbers of 15.000. 30.000 and
50,000. They found the velocity profiles normal to the rod surface to be satisfactorily
represented by the universal velocity distribution derived for circular geometries. They also
found the peripheral variation of the normalized velocity to diminish slightly with an
increase of the Reynolds number and to become more important at closer gap spacing.

Kacker's [1973] study was motivated by the absence of satisfactory methods to
predict the magnitude of secondary flows in rod bundles or in simple non-circular ducts. He
also noted the disagreement in the literature on the law-of-the-wall for flows over slender
cylinders. Kacker [1973] performed an experimental investigation in an eccentric annulus
with a diameter ratio of 5.68 and an eccentricity of 0.475 and a two-rod test section, with
the same tube and rod diameters as in the annulus. In general, he found the velocity profiles
to deviate more from the universal law-of-the-wall in the two-rod geometry than in the
single rod case. Kacker [1973] attributed these deviations to the effcct of the radius of
curvature and to the presence of secondary flows.

Kjellstrom [1974] performed the first turbulence measurements in rod bundle
subchannels. He focussed on the central subchannel of a triangular array with P/D=1.22 and
over a Reynolds number range of 37,000 to 150,000. The mean velocity data were in general
agreement with the conventional law-of-the-wall. However, the maximum velocity, in the
region y/y<0.5 (where yis the ""local flow width", i.c. the radial distance from the surface

to the line of maximum velocity), was shifted from the position corresponding to the largest
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flow width. This behaviour was cxplained as a possiblc result of the action of secondary
flows. The turbulence intensities, made dimensionless by the friction velocity, agreed well
with thosc in pipc flow. He also measured the kinetic cnergy of turbulence, the Reynolds
stresses and the radial and lateral eddy diffusivities. All of the above quantitics were in
rcasonablc agrcement with thc reported data for flow in circular tubes. except the lateral
cddy diffusivitics, which in addition to having a systematic variation with angular position.
exceeded the radial diffusivitics by a factor of 10. closc to the rod wall, and 1.5. in the centre
of the subchannel.

Rowec ct al [1974] used a two-component laser-Doppler velocimeter to measure the
mcan velocity and turbulence characteristics in central and wall-subchannels of two square
array rod bundles with P/D=1.25 and 1.125. They found rclative minima of the turbulence
intensity in the subchannel centres and in the rod gap centres, with valucs higher than typical
values in pipc flow. They noted a weak Reynolds number cffect for the large gap spacing
(the studied range of Reynolds numbers was from 50.000 to 200.000). Howcver, a rcduction
in the gap width significantly incrcascd the intensity and modificd the scale distributions.
especially near the rod gap. For the small rod gap. the largest scales werce found in the gap
and at the subchannel centres and the smaller scale turbulence was located in the regions in
between. The measured velocity correlation functions also showed this to be a region of
dominant periodic flow pulsations. No significant flow pulsations were observed for larger
gap spacing, and the reduction of the gap width led to stronger periodic flow pulsations.
These pulsations, together with sccondary flows implicd from obscrved evidence.
presumably produced increascs in the turbulence intensity and the macroscales. Even though
these authors presented only longitudinal macroscales, they speculated that the lateral
frecdom of the open array would allow large-scale turbulence to move through the gap with
relative ease. In conclusion, Rowe ct al [1974] noted that, in the regions adjacent to the gaps.
turbulent transport would be both diffusive and convective, while in the subchanncl centres
and rod gaps it would bc mostly diffusive.

Kried ct al [1979] reviewed the lascer Doppler ancmometry techniques used at the
Pacific Northwest Laboratory in studics of flow and hceat transfer in rod bundles. The results
of the bare-rod bundlc flow experiments indicated the existence of significant sccondary

flows and flow oscillations that tended to increasc with decrcasing gap width.
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Trupp and Azad [1975] performed a thorough study of turbulent flow in a triangular
array rod bundlc. The cxperimental P/D ratios were 1.5, 1.35 and 1.2 over a Reynolds
number (bascd on the bulk velocity and the hydraulic diameter of the primary flow cell)
rangc of 12.000 to 84.000. The isovel contours for each P/D studicd werc similar over the
Reynolds number range. when normalized by the subchannel bulk velocity. This indicated
that using the bulk velocity as a scaling factor was successful in removing the Reynolds
number effect, except in the core of the subchannel. The use of the bulk velocity was also
cffective as a scaling factor for P/D cffects in the region within a radial distance lower than
the minimal radial distance between the rod-wall and the primary flow cell boundary. In this
region, the isovels were basically circular arcs concentric with the rod i.c. the azimuthal
variation of the local mcan axial vclocity was rclatively weak compared to its radial
variation. Outsidc this rcgion the azimuthal dependence was seen to be comparable to the
radial onc. In fact, the isovel lines tended to become concentric with the subchannel
centerline. The inclination of the isovel lines showed a distinct dependence on P/D. Trupp
and Azad [1975] speculated that the modified law-of-the-wall and outer-law observed in
their measurements were apparently duc to the three-dimensionality of the flow. Similar
situations cxisted for other ducts which involved secondary flows. The normal stresses
distributions were found similar to those in pipe flow but gencrally lay below the pipe flow
levels. The offscts increased progressively with decreasing Reynolds number and were
roughly cqual to (7-u, )/u, (& andy, are respectively the average friction velocitics in the
subchanncl and an cquivalent pipe flow). The turbulence intensitics, scaled with the average
friction vclocity, and the turbulent kinetic energy showed azimuthal variations. The
turbulcnce parameters were seen to vary linearly with the rod-spacing for the studied range
of P/D, which represent rclatively large P/D ratios. The main cffect of decrcasing gap widths
on the spectra of the axial fluctuating velocity was to flatten them at the low frequencics.
Trupp and Azad [1975] explained this by the fact that the largest eddics would be limited
by the physical sizc and shape of the flow channel. Overall, Trupp and Azad [1975] found
that the turbulence characteristics were comparable to thosc in fully developed pipe flow.
Even though these two flows are fundamentally different (pipe flow is axisymmetric and has
no secondary flows), they argued that, becausc of the low level of sccondary flow velocitics

in rod bundle flows, a fair similarity remaincd.
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Sealc [1979a] observed that there was considerable evidence in the literaturc that the
offective eddy diffusivity in the direction parallel to the rod surface was markedly higher
than that in the direction normal to the rod surface. In fact. the effective diffusivity in the
gap region appeared to exhibit a substantial anisotropy (Rehme, 1978) and the maximum
anisotropy factor was found to drop with increasing gap width. Seale's measurements
confirmed the very high anisotropy factors in the gap region. but he did not find any
evidence of secondary flows in the velocity and temperature contours (P/D studied were 1.1.
1.375 and 1.833). Seale [1979a] noted that the exact roles played by the anisotropy of the
effective diffusivities and the secondary flows as well as the source of the marked
anisotropic diffusivities remained to be clarified. He recommended that careful and detailed
measurements of the turbulence structure should be conducted in order to explain these
phenomena and their physical basis.

In a second article of the same year, Seale [1979b] used the "k-€" turbulence model
to predict the turbulent flow in the same channels used in his previous work (Seale. 1979a).
The computations were performed for isotropic and anisotropic diffusivities. In the first
case, the predictions gave results comparable to the experimental ones only for a bundle with
a rather open aspect (P/D>1.3), while. for the case of anisotropic diffusivity. the
computations enabled some, but not all, of the features of the experimental results to be
reproduced.

Scale [1982] noted. from a review of the literature, that the turbulence structure in
rod bundles depended on the pitch to diameter ratio. For fairly open arrays (P/D>1.2) the
distributions of the normalized turbulence intensities are similar to those in circular pipe
flow or in plane channels. For more closely spaced rod arrays, the turbulence structure.
especially in the rod-gap region, departs markedly from that in pipe flow. An interesting
observation was brought out by Kohav et al [1976], who considered the variation of the
turbulence intensity along the line joining the channel centre with the gap centre in their
square array subchanncl (P/D=1.1, 1.2 and 1.3): the turbulence intensity increased from the
channel centre up to a certain position. then decreased towards the gap centre. This position
was the point of demarcation between a flow pattern characteristic of a square conduit and
that of a flow between parallel plates.

Tahir and Rogers [1986] studied the turbulent flow in a central subchannel of a
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triangular array rod bundlc with P/D=1.06. Their axial vclocity mcasurcments. at all angular
positions, were in good agrecement with the universal law-of-the-wall. The measured radial
cddy viscosities approached thosc in pipe flow at radial positions close to the wall. but werc
much higher than those in pipe flow away from the wall. The azimuthal eddy viscositics
were considerably higher in the gap region than in the open-flow arca and were much
higher, in general, than the radial eddy viscositics. The anisotropic naturc of the turbulent
flow structure. cspecially in the gap region, was demonstrated from the above measurements.

Renksizbulut and Hadaller [1986] mcasured local wall shear stress and mean and
fluctuating axial velocities in a six-rod bundle (P/D=1.15, W/D=1.123). They madc no
attempt to measure sccondary flow vortices. but obscrved some cvidence of their presence
from the wall shear stress distributions and the isovel contour lincs. They measured
turbulence intensitics comparable to thosc in pipc flow at the core of the central subchannels
and higher intensities in the wall and corner subchannels. They observed that the maximum
intensitics were within the central subchannels and not at thc gaps. Renksizbulut and
Hadaller [1986] noted that the structure of turbulence in the gap region was considcrably
different than the structure in pipe flow. By comparing their results to those found in the
previous literature. they concluded that, with comparablc P/D. triangular array rod bundlcs
would produce higher turbulence intensities at the gap than squarc arrays would.

D'Arcy and Schenk [1985] used an LDA fibre optic probe to study flows in a
completc CANDU type 37-rod bundle. including spacers and cndplates. Two bundles were
installed upstream of the test bundlc. Two configurations were considercd: onc with all rods
of consccutive bundles aligned and the second with a misalignment of the rods by 20°. thus
with the adjacent endplates ncarly aligned.

Tavoularis ct al [1988] studicd turbulent flow in a 60° scctor of a 37-rod bundle,
focussing on an inncr squarc subchanncl. The experimental Reynolds number was 50.000
for two test conditions: a single bundle and two bundles in tandem (aligned and mis-oricnted
by 15 and 30"). They have also studiced the cffect of rod spacers. Their measurcments
included wall shear stress. static pressure. mean axial velocity. turbulent intensity. Reynolds
shcar stresses. correlations. scales and probabilities. At the entrance region. the measured
autocorrclation curves had a typically "isotropic" appearance in the subchanncl core but

prescented large, persistent oscillations in the rod gap region. Away from the entrance, the
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two-point corrclations had no apparcnt periodicity and resembled the shapes of such
quantitics in turbulent pipe flows.

Ouma and Tavoularis [1991b] presented detailed turbulent flow measurements in a
five-rod outer scctor of a CANDU type 37-rod bundic. The measurements were conducted
for the design gecometry and with the central rod displaced towards the cxternal tube wall
and/or towards a ncighbouring rod. They presented. mostly in contour form, mcasurcments
of the mcan velocity, Reynolds stresses and turbulent intensitics in the wall and inner
subchannels. Isotachs bulged towards narrow gaps with the bulging becoming more
pronounced as the rod-wall gap decreased. They also presented autocorrelation cocfficients
and turbulent scales.

Meyer [1991] performed an cxperimental study in a heated 37-rod bundle with
P/D=1.12, arrangcd in triangular array in a hcxagonal channel. He focussed on a central
subchannel. In addition to the wall shcar stress, wall temperature and mcan velocity and
temperature distributions. Meyer [1991] measurcd turbulent quantitics such as the turbulent
kinetic energy. the Reynolds stresses and the turbulent heat fluxcs.

Hooper [1980] performed turbulence measurements in a six-rod square array bundle.
with P/D ratios of 1.194 and 1.107. All of his mcasurements were independent of the
Reynolds number over the range 48x10° to 156x10°. The turbulence structurc was found to
be similar to the onc in pipe flow only for the radial traverse along the diagonal of the
subchannel. In the gap region, the turbulence structure departure from the axisymmetric flow
structurc was found to depend strongly on the P/D ratio. For example, at the gap centerline
the azimuthal turbulence intensity reached 1.4 times and 1.6 times respectively. the
cquivalent onc in pipe flow for P/D=1.194 and 1.107. In addition to the six componcnts of
the symmetrical Reynolds stress tensor, Hooper [1980] measured the turbulent kinetic
energy. He suggested, based on the distributions obtained near the gap rcgion. that
turbulence was transported into this area by a singlc sccondary flow cell. Measurements of
thc mean velocity direction. although of poor resolution, scemed to support the cxistence of
a single secondary flow ccll.

Hooper and Wood [1984] rc-analysed thc measurcments of Hooper [1980] for
P/D=1.107. They used the axial momentum cquation to show that the wall shear stress

distribution is dctermined primarily by thc pressure gradicnt and the transverse shear
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stress uw which implies a negligible effect of the mean sccondary flow. They have also
demonstrated the failure of a commonly used closure assumption in models of stress-induced
secondary flow in reproducing the experimental stress distributions in rod bundle flows at
small P/D ratios.

Rehme performed a series of experimental studies (1977, 1978, 1979, 1980. 1982,
1985. 1987a. 1987b. 1987c. 1987d. 1988, 1989) on a four-rod bundle contained in a
rectangular channel (Figure 2.2) for several P/D and W/D ratios (1.036<P/D<1.42 and
1.026<W/D<1.42) and for a range of Reynolds numbers (from 5x 10* to 2x10%). He did not
observe any evidence for the existence of secondary flows, although some of his measured
distributions (e.g. axial turbulence intensity and kinetic energy of turbulence) showed some
effects that could be associated with secondary flows. According to Rehme. the striking
feature of the turbulent flow structure was its high anisotropy factor, defined as the ratio of
the azimuthal eddy viscosity to the radial one. The anisotropy factor not only depended on
the P/D and W/D ratios but also showed a strong dependence on the local position both
radially and azimuthally. The highest anisotropy factors were measured in the gaps of the
cross-section. In fact, while the radial eddy viscosity was almost independent of the
circumferential position, the azimuthal eddy viscosity was found to have a strong
dependence on the local position: it assumed very high values in the gaps and its lowest
values in the open-flow area at the centre of the subchannel. Its variation with the
non-dimensional distance from the wall was found to be similar for all angular positions.
The values first increased with increasing distance from the wall to a maximum value and
decreased slightly when approaching the line of maximum velocity. The results of Rehme
showed that the structure of turbulent flow in rod bundles. cspecially in the gap region,
differs widely from the well-documented one in circular pipe flow. This difference became
more pronounced as the gap width decreased. Close to the wall the normalized radial eddy
viscosities agreed with the pipe flow data and were higher for v/y > 0.3. The values of the
axial turbulence intensity were generally higher than the pipe flow data. even for relatively
open gaps. They were minimal in the open flow area, where they were closest to the pipe
flow values for the maximum velocity line. In contrast with the circular tube data, the
variation of the radial turbulent shear stress with distance from the wall was not linear.

Depending on the circumferential position, it followed a curve that was always higher than
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the circular tube line. On the other hand, Rehme found exccllent agrecment between the
experimental data and the law-of-the-wall established for circular tubes. The kinetic energy
of turbulence was observed to decrease from high levels at the walls to levels comparable
with the results for pipe flow away from the wall. However. in narrow subchannels the level
of the kinetic energy became much higher than that in circular tubes. Rehme's axial
turbulence intensity measurements presented a relative maximum in the rod-wall gap region
(about 20-25° from the gap centre). This relative maximum incrcased considerably with
decreasing gap width. Based on the high valued, almost constant distribution of the axial
turbulence intensity, Rehme [1987a] concluded that the source of such high levels was not
associated with the normal wall generatien mechanism. The azimuthal turbulence intensity
was found to increase from a value comparable to the one for pipe flow in the open flow
region to high levels in the gap. It reached a relative maximum in the rod-rod gap. but its
absolute maximum was located at the centre of the rod-wall gap. This maximum was seen
to increase as the gap width decreased. In the gap region. the azimuthal intensity increased
with distance from the wall, which implies that these high levels could not be caused by
transport through secondary flows. because the levels at the centre were higher than those
close to the wall. Rehme's results concerning the axial and azimuthal intensities suggest a
turbulence generating mechanism that is not dircctly coupled to the local wall conditions.
The presence of energetic large-scale structures and an almost periodic momentum exchange
process through the gap was implied from the large-scale structure of the azimuthal velocity
component.

Wu and Rehme [1990] performed additional experiments using the sct-up described
above. They found that the wider the gap between the rod and channel wall was, the higher
the peak value of maximum axial velocity would be. Inversely, the wall shear stress
variation was seen to be higher for lower W/D ratios. The same trend was observed for the
peak value of the axial turbulence intensity. The increased levels of turbulence, both in the
axial and azimuthal directions depended mainly on the relative gap size and were essentially
independent of the bundle configuration as a whole, i.e. thc phcnomena in one region, e.g.
a rod-wall gap, were nearly independent from the phenomena in the other region, e.g. a
rod-rod gap.

Hooper and Rehme [1984] presented results of two experimental series: one
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conducted in the above described four-rod channel (P/D=1.071 and 1.036 and W/D ratios
ranging from 1.026 to 1.118) and the other in a six-rod bundle (P/D=1.194 and 1.107). Most
of the four-rod bundle results were reviewed earlier. The results in the six-rod channel were
in good agreement with the four-rod bundle results. In fact, the axial turbulence intensity
was found to be considerably higher than the pipe flow data for thc whole gap area, cxcept
in the rod wall vicinity. where it seemed to approach the pipe flow values. The distribution
of the axial intensity suggests the possible superposition of two turbulence production
mechanisms: the conventional turbulence production mechanism. present in the near wall
region having large mean axial velocity gradient and another mechanism. active in the
central region. The azimuthal intensity was also considerably higher than the pipe flow
results and essentially independent of the wall distance. The peak value of the azimuthal
intensity was approximately 25% of the local axial velocity (Hooper. 1983). a level at least
one order of magnitude higher than any possible level of secondary flow velocities. The
measured Reynolds stress distributions for this channel had the same general features as the
ones for the four-rod bundle. The azimuthal Reynolds stress exhibited good antisymmetry
about the gap. Using the same results, Hooper and Wood [1984] demonstrated that the
circumferential gradient of the azimuthal Reynolds stress made a substantial contribution to
the axial momentum balance in the centre of the gap.

Hooper and Rehme [1984] also reported mass diffusion results across the rod gap.
The dispersion and possible azimuthal translation of a nitrous oxide gas plume injected
parallel to the rod axis and near the rod surface were measured by an infrared gas analyser.
The obtained results indicated that the turbulent diffusion rates in the azimuthal direction
were approximately independent of azimuthal angle for locations cquidistant from the rod
surface. This was explained by the existence of multiple secondary flow cells. However, no
non-zero secondary flow velocities were resolved for this gecometry. The magnitude of the
velocity fluctuations in the azimuthal direction was at least equal to that of the axial velocity
fluctuations. Both velocity components were found to have almost periodic large-scale
structures; their auto-correlation functions indicated a periodic component with the same
frequency (92 Hz) as the one identified in all measured auto- and cross-correlations. Both
velocity components were well correlated for a considerable distance from the gap.

indicating that a periodic intersubchannel momentum exchange process extended over an
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important part of the subchannels. In addition. this high correlation through the gap was
significant. considering that the secondary flow cells would not be expected to cross the
symmetry line in the gap (Hooper. 1983). The radial turbulent velocity component was
highly reduced in magnitude and there was little evidence of any large-scale structure
associated with it. This component had no significant spatial cross-correlation. An antiphase
relationship was observed for the large-scale structure of the axial velocity component in
neighbouring subchannels. On the other hand. there was no evidence of a phase difference
for the azimuthal component on either side of the subchannel boundary. Although it is
difficult to determine the phase of a signal that is changing in amplitude and frequency.
Hooper [1983] suggested that the antisymmetry of the azimuthal Reynolds stress was
connected to a phase shift between the axial and azimuthal velocity fluctuations. The 92 Hz
frequency represented an average frequency of the cyclic subchannel momentum exchange
process for the particular Reynolds number. This cyclic exchange became more intense as
the gap width was reduced (Hooper, 1983). Its frequency was shown to have a linear
relationship with the flow Reynolds number for a fixed bundlc geometry. Hooper and
Rehme [1984] concluded that mass, momentum and heat transfer processes in the rod-gap
region were dominated by an energetic and almost periodic azimuthal turbulent velocity
component.

Meyer [1991] and Krauss and Meyer [1996] reported measurements in inner and wall
subchannels of a 37-rod bundle arranged in a triangular array, with £/D=1.12. and contained
in é hexagonal channel. Their measured distributions of such turbulent quantities as turbulent
stresses. rms temperature fluctuations and turbulent heat fluxes are compatible with the

presence of large scale structures in the regions of rod-rod and rod-wall gaps.
2.3 Mixing in Rod Bundles

Rogers and Todreas [1968] classified coolant mixing betwcen interconnected

subchannels in rod bundles into two types: natural mixing and forced mixing. Forced mixing
is induced by the presence of pin spacers or grids in the flow channecl. If these pins or grids

divert part of the flow in a preferred direction, it is called flow sweeping. However. if the

flow break up is done in a random fashion, it is called flow scattcring. Thesc authors have
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also distinguished between two different mechanisms of natural mixing: turbulent

interchange and diversion cross-flow. Turbulent interchange results from natural eddy

diffusion between subchanncls. while diversion cross-flow is a directed flow caused by
radial pressure gradients between adjacent subchannels, which can be induced by gross
differences between the subchannel heat flux distributions. differences in subchannel
cquivalent diameters or pin cccentricity or bowing. The diversion cross-flow and the flow
sweeping arc dircctional mixing mechanisms. while the other two arc non-directional. The
following discussion will be limited to turbulent interchange.

There are two approaches used in the analysis of mixing duc to turbulent interchange.
the "lumped paramcter” or subchanncl approach and the "local analysis" or "microscopic
approach”. The former approach. also termed "macroscopic”. assigns average values to the
different subchanncls. while the latter onc accounts for the continuous variations of the
intensity and scales of the turbulence. the local temperature and the velocity gradicnts.

The "lumped parameter” approach was the first to be adopted. It became an
important tool in establishing the thermal performance of fuel rod bundles. because of its
capability to handle arbitrary gcometric arrangements, arbitrary rod heat flux distribution.
single or two-phasc flow conditions and its potential to include cffects of fuel rod spacers.
The application of this approach requires information on the exchange coefficients for the
various transport processcs between the subchanncls. The subchannel analysis. assumes the
bundlc to be a continuously interconnected sct of parallel flow subchannels that are coupled
to cach other by mixing. The fluid characteristics (averaged over the subchannel) of
subchannel i are transported to subchannel j over a distance. z,. called the "cffective mixing
distance”. Encrgy balance. accounting for the heat transported by the hypothetical mixing
flow rate, w; (this type of mixing docs not involve a net mass transfer between subchannels:
w;; represents the turbulent transport duc to pressurc and flow fluctuations). and the heat
transported by transverse diffusion across the gap (with clearance. ¢) between the two
subchanncls i and j (modelled using an average eddy diffusivity, E,,ﬁ ) gives (Rogers and
Todreas, 1968)

— | dh
w,.j(h,.-h ) =pce ”.-,( Z) . @)
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which, with the approximation
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ij

The above result could have been rcached using the mixing-length thcory and a finite
difference approximation (Rowe ct al. 1974). By analogy to turbulent convective heat
transfer, the mixing Stanton number. M,, was defined as the ratio of the hypothetical

transversc flow rate per unit arca to the axial flow rate in onc of the subchanncls. i.c.

M=—34_-_" (10)

Various methods have been proposed to calculate the mixing distance. z,. and the effective
diffusivity, EH,-,- (c.g. by Rogers and Tarasuk. 1967 and by Ingesson and Hedberg. 1970).
Later, Arkhipov [1984] emphasized the importance of mixing in rod bundle thermal
hydraulic analyscs. He attributed the deviations between the cxperimental data and
calculation results to the poor modelling of the intersubchannel mixing and proposed an
approximatc correction for the effect of mixing on the velocity distribution.

Rogers and Todreas [1968] reviewed available work on turbulent mixing.. Omitting
details on the assumptions and solutions of thesc studics. we shall present only results
considered to be the most relevant in characterizing mixing. In the discussion of the results
of Rapicr [1967] they stated that. for the same gap clearance, mixing ratcs would generally
be different for different gcometries or different gap shapes. For gap shapes formed by
circular clements, they noted that the mixing ratc for smooth surfaces was either essentially
independent of gap clearance or incrcased slightly with it. In summary. all reviewed
corrclations predicted that the mixing Stanton number decrcased with increasing Reynolds
number; that the mixing ratc incrcased following a power law of the mass-vclocity with

exponents in the range between 0.68 and 0.90; and that the mixing rate depends weakly on
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P/D. On the latter issue it may be noted that as P/D approaches 1. the mixing ratc would
eventually dccreasc; however. there was no indication on the critical P/D ratio below which
the mixing rate would decrease visibly. They concluded their review by recommending that
more work should be carried on large-scale models to study the cffect of gap size and
subchanncl shape on the intersubchanncl mixing.

Renksizbulut and Hadaller [1986] commented on the relationship between
intersubchanncl turbulent mixing and rod spacing, c. Substituting in Equation (9) the eddy
diffusivity expression, used by many investigators (Rogers and Todreas, 1968)

S « Ref™ (11)
\Y

they obtained

Mi _ Re.c.in
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Kceping in mind that the friction factor is a function of the gap spacing and the Reynolds
number, for the mixing to be nearly independent of ¢, the effective mixing distance has to
be roughly proportional to c¢. Renksizbulut and Hadaller [1986] noted that for this to be true.
therc must be additional transport processes near the gap. which supplement turbulent
diffusion as the gap width is decrcased.

Galbraith and Knudsen [1972] studied turbulent mixing between adjacent square-
squarc subchannels for P/D ratios of 1.011, 1.028. 1.063, 1.127 and 1.300 and for Reynolds
numbers ranging form 8.000 to 30.000. Mixing was calculated from mecasurcd tracer
(fluorescent dyes in water) concentration at the entrance and exit of the test section. They
found turbulent mixing to be a function of thc subchannel Reynolds number and P/D. In
fact, the cddy diffusivity increased with both quantities and approached a limiting value. at
high Reynolds numbers and large P/D, corresponding to eddy diffusivity valucs in turbulent
pipc flow. For the smallest rod spacing studied (P/D=1.011), the intersubchanncl mixing was
very different from the ones at higher P/D ratios. Galbraith and Knudsen [1972] associated
this behaviour to thc cxistence of nearly laminar flow in the gap between the two

subchannels.

24



Ramm ct al [1974] noted that the onsct of laminarization. ncar gaps of rod bundles,
would affect the magnitude of transport phenomena within the rod arrays. They have studicd
thermal mixing using a theoretical model developed by Ramm ct Johannsen [1972]. To
simulate typical tracer-type experiments. calculations were performed assuming that the rods
were unhcated and the flows in adjacent subchannels were initially at uniform but different
temperaturcs. Ramm et al [1974] found that turbulent transport was dominant at high
Reynolds numbers and Prandtl numbers. The conditions at which deviations from the
turbulence-dominated behaviour started. depended on the Reynolds number. Prandtl number
and gecomctry. At sufficiently low Rcynolds number, the transport between subchannels
became essentially molecular in naturc. It was obscrved that at Reynolds numbers
corresponding to the onsct of laminarization, the thermal mixing flow-ratc started to
decreasc with the Reynolds number, tending to approach the valucs for laminar flow.

Skinner et al [1969] used a mass transfer analogy (nitrous oxidc as tracer in air) to
study mixing in smooth and roughened rods. They measured only mean concentration in
complete subchannels at various planes downstream of the injector. They defined and
calculated an cffective diffusivity for mass transfer in the gap. Comparison with valucs of
viscosity suggested that the ratc of transfer of the nitrous oxide would be greater than can
be accounted for by turbulent diffusion alone. They attributed the high rate to secondary
flows and presented a model for them. Away from the gap. they found that the transport
level could be cxplained by wrbulent diffusion. Ingesson and Kjellstrom [1970] commented
on the work of Skinner et al [1969] and stated that there was no experimental cvidence to
justify their secondary flow model.

[bragimov ct al [1966] distinguished between two momentum transfer mechanisms,
a gradicnt transfer of momentum and a convcctive transfer of momentum. The first
mechanism accounts for molccular friction and the action of small-scale turbulent cddies
and is governed by the local characteristics of the flow. The sccond mechanism accounts for
the large-scale motion of cddics and depends mainly on the geometric features of the
channcl as a wholc; its cffects would be stronger in channcls with strongly varying
cross-sectional shape (c.g. closely packed rod arrays), in which cases ncglecting the
convective transfer of momentum may Icad to considerable crror. Following the analysis of

[bragimov ct al [1966]. Rowe ct al [1974] suggested, based on a review of the results of
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Kjellstrom [1974]. that sccondary flows and possibly other macroscopic flow processcs may
affect flows in rod bundles, and causc phcnomcna that cannot be explained by conventional
cddy diffusion concepts. Scalar transport duc to macroscopic pulsations would increasc
transport beyond levels predicted by mixing length theories. Rowe et al [1974] observed
evidencc of the presence of sccondary flows and periodic flow pulsations (discussed in a
subsequent section), which according to them. would enhance turbulent intcrchange to
compensate for a decrcase in rod gap spacing. Using such arguments, Rowe ct al [1974]
explained the insensitivity of mixing to the gap width reduction over a rather wide range of
sufficiently large gaps (at lcast thosc corresponding to P/D>1.125). They have also noted
a subchannel shape cffect on the intersubchannel mixing.

Rogers and Tahir [1975] studicd mixing using a tracer technique. They calculated
the overall mixing rate from the inlet and exit concentrations. the subchanncl flow conditions
and geomctrics and the length of the mixing scction and established a new correlation for
turbulent interchange in triangular arrays. Over its range of validity (1.03<P/D<1.40). their
corrclation confirmed carlier findings that mixing is a strong function of Rcynolds number
and a weak function of P/D. Rogers and Tahir [1975] acknowledged the finding of Rowe
et al [1974] and concluded that both sccondary flows and the convective large-scale periodic
pulsations would contribute in cnhancing the turbulent interchange mixing. Tahir and Rogers
[1979] further attributed differences between turbulent interchange predictions of empirical
models and analytical solutions to the effect of secondary flows, which were neglected in
the analytical modcls.

Singh and St. Picrre [1972] studied turbulent mixing between adjacent square
subchannels. cmploying as tracers mecthanc in air and potassium nitrate in water. The
Schmidt number of the latter was about 1,000, while that of the former was closc to unity.
The choice of tracers was made in order to inspcct the importance of molecular diffusion.
In fact, if the latter played an important role, the mixing rates for water would be lower than
the oncs for air. [t was obscrved that mixing rates incrcased with Reynolds number over the
range 1,300 to 38.000. Variation of thc P/D ratio from 1.018 to 1.102 showed that the
mixing was dependent on the Reynolds number and gap width. Singh and St. Pierre [1972]
speculated that the effects of sccondary flows on mixing rates should be a function of

Reynolds number, P/D ratio and subchannel type. They noted that these effects should be
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small at high Reynolds number and large P/D ratios. where turbulent transport piays an
important role. and increase as Reynolds number and P/D ratio arc reduced. until molecular
diffusion becomes predominant. Rogers and Tahir [1975] speculated that sccondary flows
would carry turbulence from the subchannel interior into the gap region. As the gap width
is reduced whilec maintaining a constant Reynolds number. the increasing strength of
secondary flows would carry more turbulent fluid into the gap region. thus explaining the
weak dependence of mixing on P/D. In any casc. it is important to note (Rogers and Tahir.
1975) that sccondary flows arc not an independent mixing mechanism, but act in conjunction
with turbulent diffusion to increase mixing rates above values that would otherwise be
cncountered. The ultimate mechanism of mixing is still turbulent diffusion.

Sealc [1979a] noted that the cxact roles played by the anisotropy of the cffective
diffusivities and the secondary flows in the scalar transport remain to be clarificd. He (Scalc.
1979b) also performed computations using isotropic and anisotropic diffusivitics. The
anisotropic predictions compared favourably in many aspccts with the cxperimental findings;
for example, they reproduced the relative insensitivity of the mixing rate to a reduction in
the gap width. He concluded that his results did not support the rolc attributed to secondary
flows in enhancing the intersubchannel mixing rates.

Sealc [1981] further studied the effect of the subchannel shape on heat transfer
through the gap. The strong influence obtained was explained as a direct consequence of the
anisotropy of the cffective diffusivity. This influcnce appeared to be characterized by the
ratios /D, (D, being the subchannel equivalent diameter) and P/D. He found that secondary
flows, for both computations with isotropic and anisotropic diffusivitics. did not
significantly alter the results. cven though they increased the gap Stanton number by 10%
to 15%. Comparing his results to the Rogers-Roschart [1972] correlation. he indicated that
the latter is unlikely to predict correctly the subchannel shape effect. According to Rogers
[1983] this statcment is irrclevant. because Seale applicd the correlation under conditions
for which it was not supposed to be valid. It was also noted that the Rogers-Roschart [1972]
corrclation gave excellent agrecment with Scale’s results within its validity range.

The controversy on this issuc has continued in recent years. For cxample, the results
of Hooper and Rchme [1984] indicatc that the role of sccondary flows scemed to be

minimal. at Icast for their cxperimental conditions. In contrast, Vonka [1988b] analysed the
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role that secondary flows can play as a transport mechanism and found their contribution to
the transport of hcat and momentum in the radial and circumferential directions to be
significant: for cxample, he cstimated their contribution to the circumferential transport to
amount to about 50%.

Recently. the formation in the gap region of large scale structurcs has been
documented (sce Section 2.5). The importance of their contribution to the intersubchannel
mixing was demonstrated by Rehme [1992], Méller [1992] and Wu and Trupp [1994]. who
attempted to derive mixing correlations bascd on measured spectra and Méller's [1991]

physical modcl of the large scalc structures.

2.4 Secondary Flows

Fully devcloped turbulent flow in straight, non-circular channels is of threc
dimensional nature, not only regarding its turbulence structure, but also regarding its mean
velocity field. The mean velocity vector at any point in the flow can be decomposed into an

axial component (parallel to the channel axis) and a transverse component normal to it. This

transverse component forms a flow pattern known as secondary flow, which can be regarded
as superimposcd upon the axial mean flow.

According to Nakayama and Chow [1986]. Nikuradsc was the first to deduce, in
1926. the existence of this sccondary motion from the bulging of axial velocity contours. He
cxplaincd the displacement of the contour lines towards the narrow regions (in his casc. the
corners of a rectangular duct) by the prescnce of a transverse motion in the plance of the
cross-section.

[t is now rccognized (Haque et al. 1983) that the sccondary velocitics, cven though
they amount to only a small percentage of the axial velocity, have a significant effect upon
the mean axial velocity distribution, the wall shear stress distribution and the local heat
transfer ratc, although. for small values of the Prandtl number., the cffect on heat transfer is
less important (Ibragimov et al, 1971). Moreover, the bulk propertics of the flow arc also
strongly influcnced by sccondary flows (Melling and Whitclaw. 1979).

The first cxplanation of the phcnomenon was given by Prandtl, who postulated that

sccondary flows were the result of the turbulent fluctuations along the isovcls resulting in
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a nct flow normal to the local isovel. wherever a variation in isovel curvature occurred. He
suggested that the anisotropy of the transverse turbulent stresses would be responsible for
the genceration of the secondary motion.

As pointed out by Perkins [1970]. there are two different categories of sccondary
flows. According to Prandtl's classification, sccondary flows of the first kind arc those
produced by turning or skewing the primary flow. c.g. in curved ducts. Sccondary flows of
the sccond kind arc flows causcd by non-uniformities in wall turbulence. It is the latter that
arc discussed here.

The axial component of the vorticity cquation for steady. fully developed turbulent

flow is
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The left side of this cquation represents the rate of change of vorticity in the transverse plane
by convection. This term describes the growth and attenuation of the secondary motion. The
last term on the right side represents the viscous stresscs cffects. i.c. the diffusion of vorticity
down its gradicnt, tending to make vorticity evenly distributed in space. The remaining
terms on the right, which are spatial derivatives of the Reynolds stresscs. serve as sources
for the production of axial vorticity. Reynolds stresses arc produccd by turbulence and do
not depend on the secondary flows for their existence. They depend on the Reynolds
number, spatial position and thc shape and roughness of the channcl. Therefore. the
sccondary flows originate from and are sustaincd by an imbalancc of turbulent stresses.
Figurc 2.3 illustrates how a sccond order derivative of the normal stresses is able to produce
a rotational acccleration of a fluid clement about the streamwisc axis. [n fact. thc normal
stress distributions of Figure 2.3. give a positive first term on the left side of Equation (13).
inducing a clockwisc rotation about the strecamwisc axis. In view of the well known “closure
problem” of turbulence. the magnitude and distribution of the Reynolds stresscs cannot be
dcterminced analytically, although, for specific gcometrics, somc approximations can
provide a qualitative estimate. [n any case, experimental studics are needed for quantitative
and accuratc cvaluation of the stress distribution.

Most of the experimental investigations that have been performed involved
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rectangular (including squarc) channcls. A few studies were concerned with triangular and
trapczoidal ducts. Rod bundle flow reccived increasing attention in recent years.

Brundrett and Baines [1964] investigated turbulent flow in a square duct. It was
cvident from their measurements that the turbulent field was more distorted by sccondary
flows than the mecan ficld was. They cvaluated the contribution of the two vorticity
production tcrms and concluded that. for their flow geometry. the normal stress term was
dominant nearly everywhere. The turbulent shear stress term was found to be an order of
magnitude smaller than the normal one and. furthermore, its second order derivatives tended
to be self-cancelling. Diffusion of vorticity was found to be most intense ncar the wall and
towards the corners and thus it should be associated with the viscous stresses. which are
largest in these regions. Brundrett and Baines [1964] further stipulated that the convection
of vorticity must take place from the region of production to the region of diffusion. Zones
of vorticity production would be balanced by vorticity convection away from these zones.
Similarly. vorticity diffusion would be balanced by vorticity convection towards zones of
low production. They studied the Reynolds number effect, by non-dimensionalizing the
vorticity equation by a cross-scction Reynolds number, based on the friction vclocity.
Examining the cquation obtained. they observed that all terms, except the diffusion term,
were independent of Reynolds number. In fact, for fully turbulent flows. thosc properties not
associatcd with the dissipation of energy did not vary with Reynolds number. Therefore. for
the cquation to be balanced. the normalized vorticity diffusion term must be constant. i.c.
the sccond order derivatives of the streamwisc vorticity should vary inversely with the
Reynolds number. This was further verified by the fact that the diffusion term was found to
be significant only in the wall region. which is corrclated by the inner law and. thus, must
depend on the Reynolds number. This explained the obscrved increase in comner penetration
of the sccondary flows and increcased uniformity of the wall shear stress distribution with
increasing Reynolds number. In their conclusions, Brundrett and Baines [1964] speculated
that the increased proximity of the secondary flows to the wall with increasing Reynolds
number is a phenomenon similar to the decreasing thickness of the viscous sublayer under
similar conditions.

Leutheusser [1963] obscrved that the distributions of the axial mcan velocity and the

wall shear stress tended towards greater uniformity with increasing Reynolds number and
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speculated that at extremely high Reynolds numbers the secondary flows should vanish. as
the turbulent stresses would approach complete uniformity.

The mcasurements of Gessner and Jones [1965] confirmed the above observation.
In fact. they showed that the strength of secondary flows (when normalized with either the
centerline velocity or the bulk velocity) decreased with increasing Reynolds number. They
explained this behaviour as being the result of increased turbulent mixing at high Reynolds
numbers. which tended to reduce gradicnts of the turbulent stresses in the flow.

Tracy [1965] conducted an experimental study of flow in a rectangular channel. He
postulated that secondary flows would transport particles posscssing a relatively higher
momentum into regions wherc the particles would have. on the average, a lower momentum.
The latter particles would be accelerated until an equilibrium is rcached between the
momentum so transported and the additional shear stresses created by the higher velocities.
To satisfy continuity, the inward flow must be accompanied by an cquivalent outward flow.
which would Icad to a system of closed secondary streamlines.

Hinzce [1973] studied secondary flows for a flow through a rectangular conduit, with
onc of its long sides partly roughened. He found quite strong sccondary velocities (the
maximum valuc being roughly 4% of the maximum axial velocity). with their stagnation
point not coinciding with the point of maximum axial velocity, but coinciding roughly with
the point of zero shear stress, thus confirming the presence of a non-gradient type of
transport.

Speziale [1986] stated that sccondary flows would occur in ducts of non-circular
cross-scction only if the axial mean velocity gave rise to some non-zero difference in the
transversc normal Reynolds stresses. In any case this is a necessary but not sufficient
condition. In fact, as notcd by Haque ct al [1983]. an cxamination of the turbulence
measurcments in an axisymmetric circular pipe flow showed that both the differcnce of the
transverse normal Reynolds stresses and its derivative with respect to the radial direction
were non-zero everywhere. However, derivatives with respect to the peripheral direction
were zero, which explains the absence of sccondary flows in circular pipc flows.
Furthermore, Haque et al [1983] compared the distribution of the difference of the transverse
Reynolds stresscs in circular and non-circular ducts. The only difference they found was the

dependence on the peripheral coordinate in the vicinity of the wall, in the casc of the non-
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circular ducts. They concluded that the gradient of the normal stress difference in the
peripheral direction was the important term in the production of axial vorticity and
secondary flows.

Speziale [1986] also considered the Reynolds stress transport equation to evaluate
the role that various higher order turbulence correlations played in the generation of
secondary flows. He found that secondary flows arose exclusively from the higher-order
turbulence correlations, such as the third-order diffusion correlation. the pressure gradient-
velocity correlation and the dissipation rate correlation. He concluded his work by stressing
on the importance of correcting the deficiency (as far as secondary flows are concerned) of
available closure models in the modelling of the dissipation rate correlation.

Launder and Ying [1972] investigated experimentally flows through rough and
smooth square ducts. They concluded that the secondary flow velocities, when normalized
by the average friction velocity, were practically the same for the smooth and the rough
ducts, while if the bulk or centerline velocities were used instead, the values would have
been twice as large for the rough duct. The friction velocity was also appropriate in
removing the Reynolds number dependence of the secondary flows in the smooth duct.

Similarly, Aly et al [1978] found that the secondary flow velocities at different
Reynolds numbers in an equilateral triangular duct scaled satisfactorily with the average
friction velocity. However, they also found that, in contrast with the square duct casc
(Brundrett and Baines, 1964), the normal stress vorticity production predominated over most
of the cross-section, the exception being the corner regions. where the shear stress term
contributed significantly. Compared to the square duct casc, the peak value of the shear
stress in the triangular channel was not displaced as far towards the corner. Due to
momentum transport by secondary flows, the wall shear stress over the central half of each
wall was found to be constant within a few percent.

All of the above discussed channel geometries contained one or more symmetry
planes. The 30°/60° right triangular duct used by Hurst and Rapley [1991] had no symmetry
planes, so the flow in this case was expected to be fully influenced by the duct walls. Hurst
and Rapley [1991] attributed the higher levels of the turbulence to the shape effects rather
than to the effects of the Reynolds number, which in their case was higher than those in the

other studies (Aly et al, 1978, and Brundrett and Baines, 1964). It appeared from their
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rcsults that conventional normalization with the friction velocity would not provide the often
assumed independence from the Reynolds number. The inadequacy of the equivalent or
hydraulic diameter in correlating non-circular duct friction factors was clearly evident from
their measurements. This confirmed the findings of Leuthcusser [1963], who showed that
the relationship between friction factor and Reynolds number (c.g. the Blasius relation)
could not be universal, even if the equivalent diameter were used as the characteristic length
parameter of the cross-section. The hydraulic diameter of a given cross-section is. by
definition, the corresponding parameter of a *“shapeless” conduit with an cquivalent cross-
section. So, the use of a hydraulic diameter would be legitimate for the comparative
description of channel with different cross-sectional shapes. but not as a characteristic length
for the description of the flow dynamics. The presence of acute intcrnal angles in ducts,
creating sharp deviations from the circular geometry, the simultaneous occurrence of laminar
and turbulent flow regions in narrow passages (Eckert and Irvine, 1956) and the occurrence
of secondary flows make it impossible to correlate all flow dynamics using a single
parameter, including the hydraulic diameter. As an illustration, Eifler and Nijsing [1967]
have shown that the use of a hydraulic diameter would be inadequate for flow resistance
predictions in rod bundles with P/D less than 1.08.

Prinos et al [1988] performed turbulence measurements in a trapczoidal duct with
an angle of 64° and an aspect ratio (defined as the ratio of the short side to the height) of
about 3.0. The maximum velocity was found to occur in a region approximately half way
between the centreplane and the side wall. The isovel pattern in the region affected by the
walls suggested the presence of relatively strong secondary flows. They observed that the
contours appeared to be approximately symmetrical about the comer biscctors, thus inferring
that cach corner bisector separated a pair of independent secondary flow cells. Prinos et al
[1988] also found that roughening one of the parallel walls had the effect of shifting the
isovel contour lines towards the smooth wall. [n fact, the flow pattern changed dramatically
(normal stresses were doubled and shear stresses were tripled) to the extent that secondary
flows in the corner between a smooth and rough wall were suppressed.

The trapezoidal duct used by Khalifa and Trupp [1988] had about the same angle
(60°) as the one used by Prinos et al [1988] but a lower aspect ratio (about 0.77). Khalifa and

Trupp [1988] found two counter-rotating secondary flow cells in the duct comers. one on
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cach side of the corner bisector. The maximum measured secondary velocity represented
only 2.2% of the bulk velocity. It appeared that their measurements agrecd well with the law
of the wall. Also, the friction velocity was found to render their data fairly independent of
the Reynolds number. Khalifa and Trupp [1988] explained the higher turbulence intensities
(compared to an equivalent pipe flow) by the presence of secondary flows. which convected
highly turbulent fluid generated near the walls to the central regions. thus causing turbulence
intensities at a given location to be higher than they would be otherwise. The obtained
turbulence intensities were interrelated linearly, with coefficients comparable to those found
by Seale [1982] for his simulated rod bundle channel. This fact is important to turbulence
modelling, because both the latter geometry and the trapezoidal duct have more than threc
secondary flow vortices in each primary flow cell.

Subbotin et al [1971] observed in their triangular array rod bundle a curvature in the
isotachs for P/D=1.05. They attributed this fact to the existence of secondary flows. No
distinct curvature was detected in the isotachs for P/D=1.1 and 1.2. For P/D=1.05, they
observed, based on the distributions of the local bulk velocities, an intcnsc transfer of mass
and momentum by the secondary flow streams.

Kacker [1973] measured secondary flow velocities in an eccentric annulus (with a
diameter ratio of 5.68 and an eccentricity of 0.475) and a two-rod test section, with the same
tube and rod diameters as the annulus. In the annulus case, he detected a single secondary
flow vortex per primary flow cell (which was in this case, half the circular tube section). In
the two-rod geometry, he found two secondary flow vortices per primary flow cell (i.e. a
quarter of the tube section): a large vortex and a smaller one located between the centre of
the tube and the rod surface; the total flow in the second vortex was nearly 60% of the flow
in the larger one.

Kjellstrém's [1974] measurements of the lateral velocities showed that a large-scale
circulation was present in his triangular array test section. Deduction of this circulation
indicated the existence of secondary flow cells, with velocities (although with significant
scatter) less than 1% of the average axial velocity. Although he did not resolve the number
of secondary flow cells present in a primary flow cell, his kinetic energy measurements were
incompatible with a two-cell flow pattern. Kjellstrom [1974] also showed that very small

secondary flows (of the order of 0.3% of the axial velocity in his case) would result in a
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convective momentum transport of the same magnitude as the turbulent transpoit, thus
explaining the high mixing rates reported by some investigations.

Even though Trupp and Azad [1975] did not measure directly secondary flows, they
were able to infer their existence from the wall shear stress and the turbulent kinetic energy
distributions. Calculations involving the mean energy equation allowed them to conclude
that a single secondary flow cell was probably present in each primary flow cell; that the
convection of mean energy by the secondary flow was roughly of about the same magnitude
as transport by the turbulence; and that the strength and influence of these flows increased
with decreasing P/D.

Carajilescov and Todreas [1976] performed an experimental and numerical (using
a one-equation statistical turbulence model) study of turbulent flows in an interior
subchannel of a triangular array rod bundle. Their experimental determination of secondary
velocities was inconclusive. However, they were able to predict numerically a pair of
counter-rotating secondary vortices in a primary flow cell. The vortex closest to the gap was
very weak compared to the second vortex, which affected only regions away (by at least 12°)
from the gap. So, the gap region was not sensibly affected by secondary flows. As the gap
width was reduced from P/D=1,217 to 1.123, they predicted that the large vortex became
smaller and the vortex in the gap region became larger. As will be seen later, in most of the
literature, a single secondary flow vortex per primary flow cell has becn predicted for the
triangular array rod bundle, at least for the lower values of P/D. They predicted higher
secondary velocities (normalized with the bulk velocity) as the Reynolds number increased.

Trupp and Aly [1979] also used a one-equation turbulence model to predict
secondary flows in a triangular array rod bundle. Their numerical model was tested against
their measurements in a triangular duct (Aly et al, 1978) discussed earlier. They observed
that the normal stress vorticity production term predominated everywhere in the flow cell.
[t was inferred from the location of maximum vorticity that the gap region did not act as a
corner for the studied range of P/D=1.12 to 1.35. They predicted a single vortex in each
primary flow cell. The secondary flows were seen to become weaker with increasing gap
widths and, presumably, to vanish for sufficiently large gaps. Extrapolation using the
obtained results suggested that this may have occurred when P/D exceeded 1.5. On the other

hand, as the gap width was increased, there was an increased penetration of the secondary
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flow streamlines into the gap region. The secondary velocitics were not found to scale well
with either the average or the local friction velocity. Trupp and Aly [1979] explained that
this happened because the Reynolds number dependence varied spatially, i.c. because the
secondary flow cell shifted and was distorted with changing Reynolds number. In fact. when
normalized by the bulk velocity, the secondary velocitics increased less in the gap region
than they did in the central part of the flow cell. All of the above results of Trupp and Aly
[1979] were obtained with the use of isotropic eddy viscosities. However, by imposing
anisotropic values of the eddy viscosities. the predicted secondary flows were found to be
weaker. due to a reduction in the vorticity production. The effect of increasing the
anisotropy factor on the wall shear stress was found to be very similar to that achieved by
increasing the secondary velocity level. Even though the two mechanisms are physically
very different, they are not completely independent. Secondary flows arise mainly due to
anisotropy in the Reynolds stresses, but, while convecting fluid. they generate mean shear
stresses, thus influencing the distribution of the Reynolds shear stresses and, by the same
token. the eddy viscosities. Trupp and Aly [1979] concluded that isotropic analyses would
overestimate the strength of secondary flows in rod bundles, which arc known to have
anisotropic eddy diffusivities.

Tahir and Rogers [1979] reported measured secondary velocitics in a triangular rod
array with P/D=1.06. Their tangential velocity profiles suggested the presence of a single
secondary flow vortex in each primary flow cell. The secondary flow pattern predicted by
Rapley and Gosman [1986] (they applied a finite-volume calculation method using
simplified algebraic versions of the Reynolds stress transport equations) was in agreement
with the above measurements of Tahir and Rogers [1979]. For P/D=1.06 and 1.123, a single
secondary flow vortex was predicted, while an additional minor vortex near the gap was
found for P/D=1.20. Rapley and Gosman [1986] noted that the observed decrease of
secondary flow levels with P/D was consistent with the argument of Hinze [1973], which
linked the strength of secondary motions directly with the amount of peripheral variation in
wall shear stress.

Seale [1982] performed measurements and numerical predictions in a simple duct
(Figure 2.4) that simulated two interconnected subchannels of a rod bundle with P/D=1.20.

Beside the secondary flows in the corners of the channel, he obtained two large rotating cells
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between the flat wall and the rod and one cell in the gap region between the rod and the axis
of symmetry. The two large cells moved fluid from the core of the duct and directed it
towards the flat side walls above the rods. The gap cell convected fluid down the centerline
and returned it to the core along the rod surface. He observed that, if the secondary flows
were excluded from the computations, then his predictions would not match the
measurements, no matter how thc empirical constants were optimized. His computational
work confirmed the equalizing effect of secondary flows on the wall shear stress variation
around the walls of the duct.

Vonka [1988a] used a laser Doppler velocimeter to measure secondary flow
velocities in a triangular bare rod bundle (P/D=1.3) for two Reynolds numbers equal to
60,000 and 175,000. The obtained secondary motion was accompanied by a weak flow
redistribution due to developing flow. The cross-flow and the secondary flow were separated
assuming superposition. The average secondary velocity was of the order of 0.1% of the
bulk velocity. The experimental results resolved one vortex per primary flow cell, in contrast
with the numerical results of Carajilescov and Todreas [1976] and Rapley and Gosman
[1986]. The vortex centre was roughly at 20° from the gap and at slightly more than half the
distance from the wall to the subchannel symmetry plane. Vonka [1988a] noted that the
Reynolds number dependence was not resolved with certainty from his results. However,
the following trends were observed: similar forms of the velocity profiles were obtained for
both Reynolds numbers; and the total tangential flow, normalized by the bulk velocity, was
smaller for the lower Reynolds number, while, if normalized by the friction velocity. it
seemed to be independent of the Reynolds number.

Slagter [1988] performed a numerical study, using a onc-equation cddy viscosity
turbulence model and an algebraic stress transport model, for the same conditions of the
experimental work of Vonka [1988a]. The obtained results compared favourably with the
experimental ones. Suppression of the secondary flows increased the wall shear stress
variation around the perimeter of the rod. while their presence resulted in more uniform
distributions of the axial velocities in the subchannel.

Vonka [1988b] evaluated the contribution of the secondary flows to turbulent
transport in rod bundles and observed that this contribution in the radial direction was

significant. Also, his experimental data indicated that the secondary flows contributed to the
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circumferential transport of momentum by forming two transporting strcams in opposite
dircctions: onc in the wall region and the opposite at some distance from the wall. When
these transporting streams werc averaged separately over a radial traversce. they were found
to be quitc strong. The analysis showed that about half of the total circumferential transport
was due to secondary flows.

Even though no significant secondary flows were recognized in the study of Hooper
and Rehme [1984], according to Vonka [1988b], the absolute value of the calculated balance
term (introduced to satisfy thc momentum cquation based on their cxperimental
mcasurcments) was sufficiently large to lcave room for a significant contribution of
sccondary flows to the transport of momentum. This is in contradiction with the findings of
Hooper and Wood [1984] (reviewed carlier), who demonstrated. based on the same
information. the negligible size of the mean secondary flows.

Using the analogy betwcen the transport of momentum and heat, Vonka [1988b]
cxpressed the above results in terms of heat transfer. He suggested that. in the radial
direction, sccondary flows could improve the heat transfer coefficients, whilc. in the
circumferential direction. they would help smoothen out circumferential temperaturce
variations. The contribution of sccondary flows to the transport of heat in both directions
was found to be significant. It is to be noted here that the secondary velocitics measured by
Vonka [1988a] were very weak, probably duc to the fairly open aspect of the rod bundle
uscd. Nevertheless. their contribution to the turbulent transport was scen to be considerable.
[t is expected that this contribution would become more important with dccreasing gap

widths. where the secondary flows would become stronger.

2.5 Large Scale Structures Near Narrow Gaps

The cxistence of periodic flow pulsations in rod bundle flows was first revealed by
the study of Rowe ct al [1974]. Even though most of their measured autocorrelation
functions displayed a ncarly cxponcential decay with little or no cvidence of dominant
periodic behaviour, they observed significant periodic flow pulsations in the region between
the gap and the subchannel centre for P/D=1.125. No significant flow pulsations were seen

for larger gap spacing and the reduction of the gap width led to stronger periodic flow
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pulsations in the region adjacent to the rod gap.

Tapucu [1977] and Tapucu and Merilo [1977] studicd diversion cross-flow between
two parallel square channels interconnected by a long lateral slot. thus modelling adjacent
rod bundle subchanncls. The present discussion will be limited to their pressure
measurcments, performed using pressurc transducers placed along the slot in cach channel.
Tapucu [1977] associated the obscrved systematic waviness of the mecan pressure along cach
channcl with the pressure difference oscillations between the channels. Tapucu and Merilo
[1977] detected the existence of such oscillations based on the axial variation of the
mcasurcments, cven though they were not able to measure simultancously the pressure
difference at different locations along the slot. They further noticed that this phenomenon
was morc visible for comparablc and/or high channel inlct flow ratcs. To obtain a better
view of thesc oscillations, Tapucu and Merilo [1977] used a visualization tcchnique, by
injecting tiny PVC sphercs into the flow along the slot. The fluid particles seemed to follow
a sinusoidal path, whose wave length seemed to incrcase with increasing gap clearance. The
flow visualization also showed that there was a slight shift of the particle path along the slot,
i.c. thc maxima and minima were not always at the same downstream positions. Tapucu and
Merilo [1977] could not reach conclusive resuits either on the wave Ilength or the amplitudes.
because their pressure difference measurcments along the slot were not simultancous.

Tavoularis and Stapountzis [1983] and Tavoularis et al [1984] performed flow
visualization in a 60° sector of a 37-rod bundlc, using water flow visualization techniques
such as thc injection of chemically reacting dye and air-bubbles. In retrospective. the
waviness of their strcaklines and the observed high mixing seem to indicate, cven for the
barc bundle, the presence of large scale structures in the gap region (W/D=1.170).

Rehme's measurements (reviewed earlier) also suggested the presence of an almost
periodic momentum exchange process through the gaps of rod bundles. Rehme [1987a]
speculated that this intersubchannel flow pulsation was causced by a static pressure instability
between the subchannels. This periodic momentum transport was observed (Rehme, 1987c¢)
to cxist cven for the relatively large value of the ratio W/D=1.30.

Hooper and Rehme [1984] confirmed the above findings. They observed that the
frequency of the periodic flow pulsations had a lincar relationship with the flow Reynolds

number and that the cyclic momentum exchange became more dominant as the gap width
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was reduced (Hooper, 1983). They speculated that the flow pulsations werc generated by an
incompressible-type, parallel-channel instability. the origin of which can be explained as
follows. If the mass flow in one subchannel decreased, the local axial pressure gradient for
this subchannel would also decrease. thus generating a transverse pressure difference
between itself and the neighbouring subchannels. For small gaps, the local intersubchannel
static pressure fluctuations and the phase lag between axial and azimuthal velocity
components would make this an unstable situation, leading to vortex shedding in the gap
region.

Abdelghany and Eichhorn [1986], in answering a discussion of their article by
Rehme, questioned whether the phenomena found by Hooper [1983] could be classified as
"coherent structures” and whether the same results would be obtained in larger rod arrays
(such as theirs). They stated that no regularity (similar to Hooper's) was observed in their
hot wire signals, taken in a rod bundle with P/D=4/3.

Moller [1991] continued the work of Hooper and Rehme in order to determine
experimentally the origin of the flow pulsations observed earlier and their dependency on
the bundle geometry and Reynolds number. His power spectra of the azimuthal velocity
components showed a very pronounced peak at 62.5 Hz, at a location where the azimuthal
turbulence intensity had a local maximum, and a weaker peak at the samc frequency at a
location 1.76 gap-widths from the gap (W/D=1.072). The spectra of the pressure difference
(measured with two microphones placed symmetrically on the two sides of the gap) showed
an even more pronounced peak at the same frequency as the peak in the velocity fluctuation
spectra. The frequency of the flow pulsations was found to increasc with increasing
Reynolds number and diminishing gap width. Méller [1991] defined the Strouhal number

St :‘ﬁ_D
T 0

14

where frepresents the peak frequency in the spectra and D is the rod diameter. The Strouhal
number was observed to depend only on the gap width and not on thc Reynolds number. In
fact. the Strouhal number was found to be inversely proportional to the gap width. Moller's
[1991] correlation analysis confirmed the findings of Hooper and Rehme, by showing flow

pulsations to propagate over a large region of the subchannel.
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Based on the above results and the distribution of the vorticity normal to the wall.
Moéller [1991] proposcd a model to cxplain the observed phenomena. According to him. the
stochastic naturc of the turbulent flow would lead to instantancously different velocity
profiles on the two sides of the gap with instantancously differcnt vorticity distributions.
Becausce the transverse motion of the cddies would not be obstructed. they would continue
to rotate and cross the gap while being transported by the main flow. Similarly, eddics
rotating in the opposite direction would cross the gap from the adjacent subchannel and so
forth. This local phenomenon would propagate throughout the subchannel. The resulting
motion would be similar to a Von Karman vortex strect transported by the main flow with
a stable and ordered pattern. The flow pulsations were, therefore. explained as a
phenomenon generated by the turbulent motion itself. The particular geometry of rod
bundles leads to the quasi-periodic behaviour. Méller [1991] concluded that the turbulence
structure in the gap region was a coherent structurc and that it is this motion that would be
mainly responsiblie for the mass exchange between the subchanncls of rod bundles. It is to
be noted that thc model of Maéller [1991] consists of a street of counter-rotating two-
dimensional vortices having their centres on the gap centreline. Even though this model is
not contradictory to his mcasurcments, onc can show that a model in which the centres of
the counter rotating vortices alternate symmetrically on cach side of the gap centerline is
also fully compatible with Méller's [1991] results. [t is simply that his correlation
mcasurcments can not resolve this issuc. Furthermore. physical considcrations would
indicatc that these structures would have a strongly three-dimensional character. This fact
is not represented in the model of Méller [1991].

According to Moller's [1991] explanation. and in concordance with Hooper and
Rehme [1984], the large scalc structurcs arc generated by a parallel channel instability, the
origin of which can be rclated to the stochastic nature of turbulent motion. For this to hold,
there should be no structures present in the gap region of the test-scction used in the present
work (since it does not represent two subchannels interconnccted through a narrow gap. but
rather a single channel enclosing a suspended rod). especially under laminar flow regime.
It will be shown in Chapter 9 that this is indeed not the case.

Horanyi et al [1989] performed temperature measurcments in a sodium cooled 4-rod

test-section (P/D=W/D=1.147). gcometrically similar to the one used by Rehme [1987a] and
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Moller [1991]. Their power density spectra and cross-correlations of the temperature
fluctuations confirmed earlicr findings concerning the formation of a strect of vortices in the
gap region. They explained their results using the phenomenological model of Méller
[1991]. However, they have indicated. without cvidence, the existence of two counter-
rotating vortices on cach side of the gap. Also. the manner in which they have staggered
these vortices is not supported by physical considerations.

Wu and Trupp [1993] performed turbulence measurements in a trapezoidal section
containing a single rod. They followed the same methodology and gave the same
intcrpretation of their measurcments as Hooper and Rehme [1984] and Maller [1991].

The important contribution of the large scalc structures to the inter-subchanncl
mixing was demonstrated by Rehme [1992]. Méller [1992], Wu and Trupp [1994] and Kim
and Park [1997]. who attempted to derive mixing-correlations for the "lumped parameter”
typc of analyscs of rod bundle flows based on measured spectra and Méller's [1991] physical
model of the structures. These correlations could be improved based on more physically
sound models.

Meyer and Rehme [1994] prescnted somc very relevant measurcments in two
compound channels, one formed by two rectangular subchannels interconnected by a latcral
slot and the other consisting of a rectangular channcl with a slot. They documented in detail
the formation of strong, large scale, quasi-periodic structures in the slot region of both
channels. and corrclated their frequency with the slot gcometry and the bulk velocity. For
the case of the two rectangular subchannels interconnected by a lateral slot, they proposed
a two-dimensional flow model in which counter rotating vortices. with centres on both sides
of the centerline, are being convected axially within the gap. They found the streamwise
spacing of the vortices to be independent of the Reynolds number and their convective speed
to be roughly cqual to the average of the minimum velocity, at the centre of the gap. and the
vclocity at the edge of the slot.

Meyer and Rehme [1995] investigated. based on a frequency analysis, the large scale
coherent structures present in the slot regions of three rectangular channels cquipped
respectively with a slot, two fins and eight fins. They have confirmed the presence of large
scale structures cven for the lowest Reynolds number studicd. which was, based on the slot

width, equal to 150. They studicd the cffect of viscosity by using air, water and a water-
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glycol mixturc. They could not detect a systcmatic variation of the structures’ frequency with
viscosity and concluded that. within the range of their experiments. the axial spacing of the
vortices is exclusively a function of the geometry of the slot, independent of velocity and
viscosity.

Recently, Biemiller et al [1996] obtained qualitative agrecment between their Large
Eddy Simulation (LES) and their measurcments in a channel consisting of two rectangular
sections connected through a slot near a wall. The LES results indicatc the presence of two

counter-rotating vortices with centres on opposite sides with respect to the gap centerline.

2.6 Heat Transfer in Rod Bundles

Groeneveld [1973] reviewed and reanalysed earlier litcrature on heat transfer in
multi-rod geometries to develop empirical estimates of the ratio of subchannel-averaged
convective heat transfer coefficient over that in circular tubes, and the ratio of the minimum
local heat transfer cocfficient over the subchannel-averaged one. The work presented in
Chapter 3 is mcant to up-date the corrclations of Groeneveld [1973]. A more exhaustive list
of literature. reporting heat transfer mecasurements in rod bundles. can be found in Chapter
3.

A comprchensive literature review of heat transfer in triangular and rectangular rod
bundlc subchanncls has been presented by Rchme [1987¢]. In the case of an infinite
triangular array. he presented a correlation by Petukhov and Roisen [1974], in which the
Nusselt number in the subchannecl was related to the Nusselt number of a circular tube. This
corrclation represented an upper limit for P/D ratios from | to 4. According to Rehme
[1987e]. the same correlation could be reasonably applied to square subchannels with
P/D>1.3.

Palmer and Swanson [1961] studicd heat transfer for air flow in a scven-rod cluster.
with P/D=1.015 and at a Reynolds number of 20,000. They found that the average heat
transfer coefficient in a triangular subchannel was approximatcly equal to the one for smooth
circular pipe, while the peripheral variation of the local heat transfer rate varied between 0.5
and 1.3 of the average value.

Marek et al [1973] studied heat transfer in squarc array rod bundle. They
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recommended a correlation for the upper limit of the Nusselt number, similar to the onc they
cstablished for the friction factor.

Barrow et al [1984] invcstigated the case of a corner subchanncl at W/D=1.0 and
obtained a ratio of the subchannel Nusselt number to the circular tube Nusselt number equal
to 0.38.

Berger and Ziai [1982] and Berger ct al [1986] used an electrochemical analogy
mcthod to obtain the variation of the local Stanton number in both a singlc rod in a channcl
and in a scven-rod cluster, in which scveral rods could be moved or bent simultancously.

Hoffman et al [1970] performed extensive experimental work on fluid flow and heat
transfer in a scven-rod cluster and obtained the wall temperature variation around the central
rod and an outer one. They also used a mass transfer analogy to obtain the heat transfer
cocfficient distribution for differcnt rod-rod and rod-wall separations.

Sutherland and Kays [1966] analyscd turbulent heat transfer in triangular rod arrays
by solving the energy ecquation using thc technique of superposition of fundamental
solutions, which were determined cxperimentally. This method allows the prediction of the
heat transfer performance with arbitrarily specified heat flux distributions. once the
fundamental solutions are established.

Guellouz and Tavoularis [1992a] measured thc local heat transfer cocfficient
distribution around an outer rod of a 37-rod bundlc model. in which localized heating was
provided by a narrow heated strip. Various rod-wall proximitics were investigated. The local
heat transfer coefficient was minimum near narrow gaps and maximum in open flow regions
but its variation became substantial only when the gap width diminished below a certain
value (c.g. W/D<1.04). These authors also conducted in-flow mecan temperature and
tempcrature fluctuation measurements. When plotted in contour form, they presented
asymmetries when the heater was near the gap as well as facing the subchanncl centre. These
asymmctries were probably the result of the inhomogeneities of the mean velocity and the
turbulent kinctic energy in the subchanncl, which caused hcat to diffuse in a non-uniform
manner; howcver, the contour bulging scemed also to be compatibic with anticipated
secondary flow patterns and/or the presence of large scale coherent structures in the gap
rcgion. In addition to the above results, Gucllouz and Tavoularis [1992a] reported

probabilistic mecasurements of the temperature fluctuation ficld. They presented quantities
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such as the probability density function. skcwness and flatness. along with the streamwise
Corrsin microscale.

Moecller [1989] reported mcasurements of mean temperaturc and temperaturc
fluctuations in the subchannels of a fully heated four-rod bundle having P/D=1.147 and
cooled by liquid sodium, thus having a Prandtl number much lower than those in water and
air. He found distinct temperaturc maxima near the narrow gaps and minima near the
subchanncl centres.

Meyer [1991] and Krauss and Meyer [1996] reported measurcments in a fully heated
37-rod bundle, arranged in triangular array in a hexagonal channel and having P/D=1.12.
The heat flux was maintained uniform around the perimeter of the rods. Special care was
taken to minimize conduction and thus any smoothing of the temperature variations due to
different heat transfer rates. While Meyer [1991] focussed on an inner subchannel, Krauss
and Meyer [1996] limited their tests to a wall subchannel. Both studies mcasured the
distributions of thc wall shear stress, the wall temperature and the mean in-flow velocity and
temperature, as well as turbulent quantities, including the turbulent stresscs, the rms

temperature fluctuations and the turbulent heat fluxes.

2.7 Conclusions

A voluminous literature has been accumulated, over the years, on the turbulent flow,
mixing and heat transfer in rod bundles. This problem has becn studied extensively both
analytically (Table 2.1) and experimentally (Table 2.2). As a result. certain aspects of bundle
flow appcar to be adequatcly understood and well within our predictive ability, at least as
far as their application in nuclear reactor thermalhydraulics is concerned. On the other hand,
it is also obvious that scveral other aspects remain the subject of controversy. either due to
the contradictory results reported by diffcrent investigators or due to the limited information
collected on that specific issuc. The main conclusions of the above literature review can be
summarized as follows:

a. Rod bundle geometries vary widely. Their bulk properties can be correlated with
the shape of the subchannels, the number of rods and the values of the paramcters P/D and

W/D. Local conditions, especially in the vicinity of narrow gaps and contact points. could
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be very sensitive to variations of thesc parameters within the bundle.

b. The concept of hydraulic diameter is inadequate to rcpresent complicated
geometrics, including rod bundles. Thercfore. the friction factor and heat transfer
correlations developed for the circular pipe flow can not be applied directly to rod bundle
flows by substituting the bundle hydraulic diameter for the circular pipce diameter.

¢c. Adequate empirical methods have been developed for predicting the overall
friction factor in laminar and turbulent flows in uniform rod arrays. The performance of
these methods has not been tested in non-uniform bundles, for example in mixed arrays of
triangular and square subchannels. Moreover, the prediction of local friction factors from
the overall or subchannel-averaged values could Icad to appreciable error, because not only
could thc local friction factor vary appreciably around the rod. espccially ncar narrow gaps.
but it may also attain valucs much larger than predictions based on bundlc cross-scction bulk
propertics. The local wall shear stress variation is also sensitive to the gap width. attaining
local maxima in open flow regions and local minima close to the gaps. These minima
become strong functions of the gap width only for very narrow gaps (c.g. P/D<1.1). with
negligible gap cffects for P/D 1.2 . The complex peripheral variation of the wall shear stress.
found in some investigations. has been associated. in earlier literature, with sccondary flows.
although disagreement with this inference has becn voiced in recent years.

d. Secondary flows (i.e. velocity components on the transverse plane. even in fully
devcloped flows) are known to cxist in rod bundle flows, although direct measurements of
them arc scarce. Experimental techniques to perform such measurcments are indecd
cumbersome, but have been developed and applied to simpler configurations. In view of the
substantiai divergence of opinions concerning the strength of secondary flows and their
effect on turbulent mixing across gaps. additional experimental work focussing on this
subject is needed.

e. The turbulent flow structure in the subchannels of rod bundles. especially in the
gap rcgion, is markedly differcnt from the onc in circular pipe flow. Contradictory results
havc been obtained by different investigators. concerning the applicability of a "universal
law-of-the-wall”. Rod bundlc flows display a strong azimuthal turbulent diffusion. nearly
independent of the azimuthal position.

f. Mcasurcments of the correlation functions in the region ncar the gap. for small gap
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widths (W/D<1.1). have shown this to be a region of significant periodic flow pulsations
associated with large scale quasi-periodic structures, which become more dominant as the
gap width is reduced. It has been suggested that these structures arc generated by the
turbulent motion itsclf and that their quasi-periodic behaviour is peculiar to rod bundles. The
origins of the large scale structurcs have been attributed to an incompressible parallel-
channcl instability and have also been viewed as coherent structures. Considering that the
validity and gencrality of these statements have not yet been resolved beyond any doubt and
in view of the substantial effects that such structures could have on turbulent mixing across
gaps. it appcars that further systematic experiments arc required.

g. Turbulent interchange mixing rates across gaps, as defined by "lumped parameter”
approaches, are in gencral different for different geometries or different gap shapes. They
are greater than can be accounted for by conventional turbulent diffusion alone. thus
pointing to additional transport processes. which supplement turbulent diffusion. Thesc
mixing rates depend weakly on P/D. for sufficiently large gaps. The increcased sccondary
flow strength and espccially the strengthening of convective large-scale structures as P/D
decreases have been viewed as compensating for the decreasc in gap width. thus explaining
the inscnsitivity of mixing to P/D values. However, the exact role played by cach of the
above phenomena needs to be clarified by further work. A possible critical valuc of the P/D
ratio, below which the mixing rates decreasc markedly. and the rcason for this decrease have
not yet been determined.

h. Computations of bundle flows and thc associated heat transfer with the use of
standard turbulence models have generally been met with limited success (Gucllouz and
Tavoularis, 1992b). While it is known that "isotropic” types of modcls arc entirely unsuitable
and that "direct numerical simulations" are unlikely to fall within our computational
capabilities in the forsceable future, there is some hope that LES or properly adjusted
Reynolds stress models might permit the reliable computation of turbulent flow and heat
transfer in rod bundles. The development and verification of such models will likely require
additional. spccialized statistical mecasurcments.

[n conclusion. the gcometric complexity and diversity of rod bundle subchannels
gencrate a varicty of phenomena not encountered in circular pipe flows. Some of these

phcnomena have barely been identified and explained. others have been the subject of
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contradictory hypotheses. [n particular, insufficient knowledge is available on flow and hcat
transfer characteristics near narrow gaps and contact regions. The only way to resolve these
issues is by systematic measurement in appropriately designed and instrumented systems.
Computation of bundle flows and hecat transfer by simple modecls has proved to be

inadcquate, thus pointing to the usc of more sophisticated approaches.
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3

Convective Heat Transfer Coefficient in Single-Phase

Flow through Rod Bundles

The objective of the work presented in this chapter is to cstablish practical
correlations of the subchanncl-averaged and the minimum local heat transfer cocfficients
with the pitch-to-diameter ratio, P/D, for squarc and triangular subchannel shapes. The
proposed corrclations are cmpirical and bascd on previous heat transfer measurements
availablc in the litcrature. The approach followed is similar to the onc described in a report
by Grocneveld [1973]. which it is meant to update by taking into considcration more recent
measurements and using statistical curve fitting methods. This method provides the heat
transfer cocfficicnts normalized by appropriate reference values as follows.

The subchannel-averaged. singlc phase, convective, heat transfer coefficient in a rod
bundle is normalized by the heat transfer cocfficient in a circular tube, corresponding to the

samc coolant, Rcynolds numbcr and Prandtl number. as

h hmdle

h

I =

M

tuhe

[n order to avoid large emrors associated with gencralized heat transfer correlations. the tube
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heat transfer cocfficient was cvaluated. where possible. using corrclations developed
specifically for the given fluid. Such correlations have been listed in Table 3.1. Then. the
[-factor was estimated from reported experimental values in heated rod bundles for a given
subchanncl shapc and plotted against P/D.

The minimum local heat transfer cocfficient. at the minimum gap between rods. was

normalized by the corresponding subchannel-averaged heat transfer cocfficient as
h_

J = — mm (2)
hlmndle

The J-factor was cstimated directly from heat transfer mecasurements in a wide variety of
fluids and configurations.

For the evaluation of the /- and J-factors. the heat transfer cocfficients werce based
on a coolant tempcrature averaged over the entire bundle cross scction becausce. in general.
local or subchannci-averaged temperatures were not reported in the original publications.
Furthermore, thc average heat transfer cocfficicnt was cvaluated using the equivalent
hydraulic diameter, defined as four times the flow cross-sectional arca divided by the wetted
perimeter. which is known to produce less scatter than the cquivalent heated diameter,
defined as four times the flow cross-scctional arca divided by the hcated perimeter.
(Groeneveld, 1973).

An extensive list of experimental studics of heat transfer in rod bundles has been
presented in the list of references. Due to the unavailability of the original publications.
some of the data considered were taken as reported in secondary or review articles. Some
relevant dctails of the most complete studics, which were used to cstablish the above

corrclations. have been summarized in Table 3.2 and in Figure 3.1.

3.1 The Subchannel-Averaged Heat Transfer Coefficient

3.1.1 The Effect of the Pitch-to-Diameter Ratio

Figures 3.2a and 3.2b present compiled data of the /-factor for triangular and square

subchanncls, respectively. Sets of mecasurements reporting data at several P/D ratios have
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been represented with specific symbols. in order to show individual variation trends. For
triangular subchannels, for which there arc a lot of measurcments, these sets have also been
shown separately, in Figure 3.3. All other data were grouped under the "compiled data”
symbol and their sources indicated in Table 3.3. As an indication of the reliability of each
set of mcasurements, data judged to be of reduced reliability (mostly due to missing
information about the expcrimental conditions) were represented by open circles and were
assigned a weight of 1/2 in cstimating statistical corrclations.

There is ample evidence in the literature that the /-factor has a very weak. if any.
dependence on the Reynolds and Prandtl numbers (sec also section 3.1.2). Thus. it seems
legitimate to disregard differences in these numbers when presenting the /-factor as function
of P/D. A large scatter in the data is observed for both subchannel shapes. Even though this
can be attributed in part to the relatively large uncertainties associated with heat transfer
measurements, the scatter seems inevitable if one considers the widely differing overall
geomctrics (c.g. differcnt numbers of rods and different configurations and heating
conditions of the channel walls) and fluids. These issues will be addressed separately in the
following scctions.

Curve fitting through the above compiled data yiclded the following correlations for

the /-factor:

Triangular array (/.0<P/D<2.2) [=0.836+0.462(1-¢™**°FP")
Squarc array (/.0<P/D<l.6) [=0.883+0.464([-=7"P1)

For comparison purposcs, the corrclation of Groeneveld [1973] and thosc (for
triangular and squarc arrays) of Presser [1967] arc shown on the same graphs. Groeneveld
did not providc analytical cxpressions; a curve fitted, in the present work. to his graphical
correlation was

Triangular/square arrays (/.0<P/D<1.5)  [=0.306+0.430 P/D+0.238([-¢”****">-l))

The corrclations suggested by Presser[1967] were. as reported by Markéczy [1972].
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Triangular array (/.05 <P/D <2.2) [=0.9696+0.0783 P/D-0.1283(1-¢~"""")
Squarc array (/.05 <P/D <1.9) [=0.9217+0.1478 P/D-0.1130(1-¢"""™")

The present two correlations. for triangular and square arrays, differ perceptibly only
for P/D < 1.1, with a maximum deviation of 5.6% at P/D = 1.0. Their maximum diffcrence
from Groeneveld's corrclation is also in the order of 5%. with the latter overpredicting the
[-factor for P/D < 1.15. except for P/D very closc to 1.0 where it has a sharper decrease. On
the other hand. the differences between the present correlations and those of Presser are
more pronounced, especially in the casc of triangular arrays where the difference is of the
order of 15%. It has to be noted. however. that for the low P/D range (i.c. P/D < 1.2) of

interest here, all correlations agree to within a few percent.
3.1.2 The Effects of Reynolds and Prandtl Numbers

The customary empirical form of convective hecat transfer corrclations in fully

developed channel flows is

Nu = C Re® Pr® A)

In cascs of significant temperature difference between the wall and the bulk of the fluid, a
correction factor for the viscosity changes of the fluid is also inserted in the above
expression.

Table 3.1 lists some common correlations for circular tubes, some of which are
specific to a given fluid while others arc meant to be more general. A review of these

corrclations indicates that the cxponents a and b are within the following ranges
0.77<a<0.87 and 0.33<h<0.61

Hcat transfer corrclations in rod bundles over ranges of Reynolds and Prandtl
numbers have also been presented in the same form as thosc in circular tubes. For example,
the experimental results of the University of New Mexico (Kim and El-Genk [1989]. El-
Genk et al [1990. 1992 and 1993] and Su and El-Genk [1993]) yield. for heat transfer to
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water flow in triangular and squarc array rod bundles. a=0.8 and h=0.33. with only C
dcpendent on the array geometry. The same cxponents were obtained by Miller ct al [1956].
while Borishanskiy ct al [1971] found a=0.85 and h=0.4. Ricger [1969a&Db] correlated his
measurcments for water and for a solution of glycol and water using ¢=0.86 and h=0.4.
Lel'chuck ct al [1977] obtained a=0.8 and h=0.4 for air flow.

When compared to the circular tube correlations, the rod bundle corrclations have
comparable values of the exponents a and b, which implies that the /-factor should be at

most weakly dependent on the Reynolds and Prandtl numbers.
3.1.3 The Effects of the Number of Rods and of the Channel Wall

In correlating the /-factor with the P/D ratio. it is implicitly assumcd that all
measurcments are for infinite arrays of rods. where the only gcometrical variable would be
P/D. In practice the infinite array geomctry can be rcached or asymptotically approached by
using a very large number of rods in a uniform array or by using a moderatc number of rods
with "dummy rods" on the channel walls to simulate the infinite array. However. for obvious
cconomic reasons, neither of these two conditions is fulfilled by the majority of reported
investigations. Therefore, in most of the compiled data "finite array” cffects arc present,
cxplaining in part the observed scatter.

No correction of thc data is possible without introducing further uncertainties.
However, one can cvaluate the relative importance of the crror introduced by the finite array
cffccts basced on the work of Markdczy [1972]. The latter will be summarized below and
then used in an example.

Markdczy [1972] developed a gencral /-factor expression for cvery rod within a

finitc array

I =1 +0.9120Re ™'Pro4(1 - 2.0043 e ) “)

where B=D, /D and Re is bascd on D,,. dcfined as

438 A,
Dy=-—7/— 5)
Zk—'l Pwk
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K is thc numbcer of subchanncls surrounding the rod of interest and A, and P, arc,
respectively. the flow cross-section and wetted perimeter of the 4-th subchannel. Onc may
notc that for an inner subchannel D, becomes cqual to the subchannel hydraulic diameter
of an infinitc array.

To illustrate the usc of this method and evaluate the error introduced by the finite
array cffects, the /-factor for the case of a 4-rod squarc array bundic (Figurc 3.4) will be
compared to the one (/-factor) for an infinite square array with the same pitch-to-diameter
ratio. For simplicity, it will be assumed that the Reynolds numbers, based on D,,. of the
finitc and infinite arrays are the same.

Figure 3.5 presents samples of the results of such comparison. As expected. the
amplitude of the deviation between the finite and infinite arrays is a function of the Reynolds
and Prandtl numbers and the geometrical factors P/D and W/D. In fact. the finitc array
effect becomes more pronounced for lower Reynolds numbers, higher Prandt! numbers. low
P/D values and to a lesser degree high W/D values. This dependence on W7D was also
studied by equating the B values for the finite and infinite arrays, which led to a quadratic
cquation for W/D with cocfficients depending on P/D and the geometry of the rod bundle.
For the four-rod. square bundlc described above, it was possible to match the finitc and
infinitc array /-factors only for P/D>1.33 (i.c. only in this rangc there was an acceptable
solution for W/D). For W/D smaller than the root of this cquation, the /-factor of the finite
bundle is smaller than the onc for the infinite array. This shows that one can obtain a
performance similar to the one of infinite arrays without resorting to a large number of rods.
but rather by choosing the appropriate W/D ratio, as, for example, donc by El-Genk et al
[1990]. The above finding. bascd on the solution of the quadratic cquation. supports the
physical expectation that matching the combined heat transfer in the wall- and corner-
subchannels to the one in the inner subchannel would result in the same total heat transfer
from the rod as if it was in an infinitc array with a P/D cqual to that in the inner subchannel.
The heat transfer in the wall- and corner-subchannels increascs with W/D to reach and
cxceed the value of the infinitc array. In cases of very low P/D. depending on the gcometry
of the bundie, the wall- and corner-subchannels might have a higher heat removal than the
inner-subchannel. even at W7D = 1.0.

[t has to be noted that the four-rod bundle is an extreme casc where the finite array

54



cffect would be strongly present. This effect is expected to diminish as the number of rods

1s increased.
3.2 The Minimum Local Heat Transfer Coefficient

3.2.1 Implications of the Use of Apparent Local Heat Transfer Coefficients

The J-factor was defined carlier as the ratio of the minimum local heat transfer
cocfficient to the subchanncl-averaged heat transfer coefficient. The local heat transfer
cocfficient requires the local bulk temperature, 7,(¢). defined as the average temperaturc of
the fluid in a narrow subchannel sector, bounded by two neighbouring radii, the rod wall and
the line of maximum velocity. According to this definition. one would like to detcrmine J

as

q
J = Tw - Th(d)min) (6)

hlnmdle

where g is the heat flux around the entire rod periphery and ¢, is the peripheral position
of the minimum local heat transfer. Unfortunately, the experimental determination of the
temperaturc 7,(¢) is quite difficult. For this reason. most investigators have used the
subchannel bulk temperature, T, instead. The heat transfer coefficient calculated in this
manner is referred to as the "apparent” local heat transfer coefficient. Thus. the J-factor has
generally been calculated as follows

so_tw T ™

hhundle

Because the local bulk temperature at the peripheral position of minimum heat
transfer cocfficient. 7,(¢,.). would generally be higher than thc subchannel bulk
temperature, 7,. the usc of the apparent local heat transfer cocfficient tends to underestimate
the J-factor. To complicate things further, the ratio of the local and subchannel bulk
temperatures would also be a function of the P/D ratio, array geometry and heating

conditions of the opposing rod or channel wall. Thus. the error introduced in the evaluation

55



of the J-factor would be different for different bundle configurations. This effect would
likely contribute to a scatter in the collcctive presentation of J-factor cstimates from different
cxperiments.

On the other hand. it is clear that an underestimation of the J-factor would result in
a conscrvative (undcrestimated) estimate of the minimum heat transfer. Moreover, if one
wishes to usc the J-factor correlation in order to calculate the maximum peripheral
temperature on the rod surface (which would. presumably, occur at the location of minimum
heat transfer coefficient). one would require the subchanncl average bulk temperature. which

is easier to determine than the local bulk temperature.

3.2.2 Estimates of the J-Factor

Figure 3.6 presents all available data of the J-factor; the samc data arc also listed in
Table 3.3. Duc to the scarcity of local heat transfer measurements. it was decided not to
diffcrentiate between triangular and squarc subchannels or between inner and wall
subchannels in establishing the gencral correlation of J with P/D. For the same rcason. the
Reynolds number effect on the J-factor was disregarded in the general presentation. The data
present substantial scatter, which can be attributed to experimental uncertainty. differences
in geometries and experimental conditions as well as the use of the apparent rather than the
true local heat transfer coefficient in the evaluation of J. The data in Figure 3.6 were least
square fitted by a two-cxponential correlation, which, unlike a single exponential, seemed
to represent well both the initial and asymptotic trends in the measurements. The cffect of
Reynolds number differences will be discussed in the following subscction. As an average,

the corrclation fitted to all data was
J=0.741[1-°* PP 1] 4+ 0.254 [1-7%PP-1] (1.0<P/D<1.65)
Figure 3.6 also includes a graphical fit provided by Groeneveld [1973] to the J-data

available at that time. For comparison purposes Grocneveld’s curve was fitted by the

following analytical cxpression
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J=0267+0.280[ - PP-D] + 0 47] []-*¥5(PP-1) (1.0<P/D<l.5)

The differences between the two ecxpressions above appear to bc well within the
cxperimental scatter.

The above equations express the well known facts that heat transfer is relatively
inscnsitive to the P/D ratio for values of this ratio higher than 1.1 and that it increases
gradually as P/D further decrecases towards 1. It is also well known that. even at low P/D,
the heat transfer scnsitivity to P/D remains considerably weaker than that predicted by
turbulence models based on isotropic eddy diffusivity. The obscrved inscnsitivity is
compatiblc with the hypothesis that convective heat transfer across narrow gaps is not
governcd by gradicnt transport, which is a local process. but it is mainly due to large-scale,
quasi-periodic coherent structures (Rowe et al {1974]. Hooper and Rehme [1984] and Méller
[1991]). The latter will be the object of the studies reported in Chapters 8 and 9. It is only
at the narrowest gaps (P/D < 1.05) that intersubchannel mixing is suppressed. resulting in

a marked dccrease of the J-factor.

3.2.3 The Effect of Reynolds Number

As mcntioned above, duc to the scarcity of local heat transfer measurements, the
Reynolds number effect on the J-factor cannot be determined with certainty. One may infer
that, for a fixed P/D. the J-factor would get closer to 1.0 as the Reynolds number increases,
so that the usc of a relatively low Reynolds number correlation at higher Reynolds numbers
would likely result in a conservative estimate of the minimum heat transfer coefficient.

Figurc 3.7 presents the J-factor measurements of Irvine (as reported by Groeneveld
[1973]). plotted vs P/D. Family curve fitting to the data, with Re as a parameter. provided

the following cxpression

J = 0-390 + 0.567[/ -e ~(17.829+0.00030] Re) ¢ P7D) - 17

This cxpression, cvaluated at the Reynolds numbers of the measurements, is also plotted in

Figure 3.7. Although statistically optimized. this cxpression does not approach the expected
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asymptotes at the two limits. P/D- 1 and P/D- <. The asymptotic rcquircments arc

satisficd by the alternative cxpression

J - [ —e -(19.805+0.000367 Re} ( P’'D -1}

Both expressions indicate a weakening dependence of the J-factor on Reynolds number as
P/D increases. The few available measurements of Presser [1971] confirm this tendency.
The J-factor, based on the mcasurements of Hoffman et al [1966] at P/D=1.141 for both
scalloped and circular channels, was cssentially constant. within a non-systematic scatter.
over a Reynolds number range from 5x10° to 2x10°.

To illustratc the effect of the Reynolds number on the J-factor variation. two
contours of constant J (those with J= 0.90 and 0.75). calculated using the above cquation.
were plotted in Figure 3.8. It can be scen that the sensitivity of J to Reynolds number
diminishes with increasing Re. This sensitivity is significant for P/D < 1.05. while for
higher P/D ratios the J-factor is ncar 1.0. irrespective of the value of Reynolds number.
Although a conclusive cxplanation of the Re-effect has not yet been found., onc may make
the following comments. The kinetic encrgy of locally produced. small scale turbulence
increases with Reynolds number, while the intensity of large scale pulsations is less likely
to be Reynolds number dependent. if one assumes an analogy with vortical structures in
plane wakes and mixing layers. Therefore, the variation of the Re-sensitivity of J with P/D
may be interpreted as evidence of varying contributions of small- and large-scalc cffects to
the total turbulent heat transfer.

Following the analysis of Irvine's results, onc might be tempted to rescale all data of
Figurce 3.6 so that they would correspond to the same “reference” Reynolds number., Re,,,.
In principle, this could be achicved by computing a corrected value, J,.,. based on the
expression fitted to [rvine's data. The related ratio

1 -J p 0-000367 (Re-Re,p (PID 1)

- Jref

evaluated at Re,,.= 50,000, has been plotted in Figure 3.9. Unfortunatcly. the relevance of

this approach cannot be tested, due to the insufficiency of data. Furthermore. the wide
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differences in the various geometries do not even permit a consistent universal definition of
a Reynolds number. For these reasons, although judged to be of dubious accuracy for
quantitative scaling of results in distinct configurations. the above expression could be useful
in estimating the Re-sensitivity of a J-factor correlation, established in a given configuration

ata given Re.

3.3 Concluding Remarks

Bascd on experimental results available from the literature, empirical estimates of
a) the ratio of the subchanncl-averaged. convective heat transfer cocfficicent in si nglc-phasc
flows in rod bundles over that in circular tubes and b) the ratio of the minimum local heat
transfer coefficient over the subchannel-averaged onc, were cvaluated and presented as
functions of the pitch-to-diameter ratio for both triangular and square-type subchannels. The
cffects of Reynolds and Prandtl numbers and of the number of rods and wall presence were
also assessed.

The approach adopted here scems to be the only practical method with the current
knowledge of the flow structure in rod bundles. However, once the large-scale coherent
structures. the main phenomenon controlling turbulent transport in the gap region. are better
understood and documented, an analytical solution for the local heat transfer coefficient may
become feasible. For that, a general model for the coherent structures has to be developed.
so that there would not be a need to adjust the model constants for cach bundle geometry.
as it is the case with the turbulence models. These models arc based on the same kind of
empiricism as the correlations prescnted here. The main part of the work is dedicated to the

study of the coherent structures that form in the gap region.
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4

Definitions and Analytical Description of Coherent

Structures

The aim of the present chapter is to introduce definitions and derivations to be used
in subsequent chapters. Only definitions and derivations not likely to be found in textbooks

are presented.
4.1 Definitions of Coherent Structures

Examples of phenomena that have been classified as coherent structures include the
Kelvin-Helmbholtz vortices in mixing layers, the von Kdrman vortices in wakes, the hairpin
vortices in outer boundary layers and channel flows, the low-and high-speed streaks
observed in inner boundary layers. and the quasi-stationary apex vortices attached to a Delta
wing.

Despite the extensive interest in coherent structures and the large volume of work
dedicated to their studies, there is no agreement upon a particular definition of coherent
structures. The discussion conducted during the workshop "Whither Turbulence? Turbulence
at the Crossroads”, reported by El Tahry [1989], is a good illustration of this fact. Among
the definitions available in the literature, one may consider the following ones as

representative.
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The often quoted definition of Hussain [1983] defines a cohcrent structure as a
connectcd, large-scale turbulent fluid mass with a phase-correlated vorticity over its spatial
extent.

An altcrnative dcfinition by Berkooz ct al [1993] states that coherent structures are
organized spatial features which repeatedly appear (often in flows dominated by local shear)
and undergo a characteristic temporal lifc cyclc.

As reported by El Tahry [1989]. according to A. Perry. coherent structures arc
recognizable recurring patterns that do not necessarily have an order to them. Their scale and
velocity are random; however their oricntations are fixed.

Also reported by El Tahry [1989] is the definition given by R. Stull in which
coherent structures are regarded as cntities that causc transport of momentum or tracers
across a finite distance in a non-diffusive way.

Lesicur [1997] distinguishes between coherent vortices and coherent structures. He
defines a coherent vortex as a region of space

1. where vorticity concentrates cnough so that fluid trajectories can wind around;

2. which retains (following the flow motion) a characteristic shape during a life time

longer than its local tumover time; and

3. which is unpredictable, i.e. extremely sensitive to small perturbations of initial

conditions.

He defines a coherent structurc as a region of space which, at a given time. has some kind
of organization rcgarding any quantity related to the flow, including velocity. vorticity.
pressurc. density or temperature. This definition of cohcrent structurcs is broader than, and
includcs, the definition of cohcrent vortices. According to these dcfinitions, all of the
examples of coherent structures presented in the first paragraph of this section are coherent
vortices, cxcept for the low- and high-speed streaks observed in boundary layers. which do
not satisfy condition I, and the quasi-stationary apex vortices attached to a Delta wing,
becausce they are predictable.

Onc also has to mention that some researchers have voiced their disagreement with
assigning a strict nounal definition to what they consider to be essentially an adjectival

concept. i.c. descriptive of that part of turbulence which is ordercd (Cantwell. 1989).
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4.2 Analytical Descriptions of Coherent Structures

The description of coherent structures must include phase-dependent information.
For this purpose. the "phase-average" concept has been introduced. This is an artifice similar
to the "time-average" concept, which is the basis of the Reynolds decomposition. The phase-
average of a random process. Q. is its ensemble average at a particular phase (i.c. time
relative to an identifiable characteristic event during the life time of the structure) of the

structure, defined as

<0, 0> =%Z}i O, . £+7) M

where 7is the time corresponding to the reference phase, ¢; is a specified time with respect
to the occurrence of the structure of interest and x; represents the spatial position.

Two different decompositions of the turbulent flow fields have been used in the
analysis of coherent structures. These are the "double decomposition” and the "triple
decomposition”. In the present work, both decompositions are used. depending on the

information to be extracted.
4.2.1 Double Decomposition

According to the double decomposition, a random process. Q. is considered to
consist of a coherent component, <Q>. and an incoherent (“random”) component. g,.. as

follows

O(x; , 0= <Q(x; ,0) > +q,(x; ,1) Q)

The double decomposition has the constraint that it cannot describe the evolution of
coherent structures or the extraction of energy by coherent structures from the flow which

drives these structures (Hussain, 1983).
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4.2.2 Triple Decomposition

In this decomposition, any instantancous value, Q. is considered to consist of three
components: the time-average component, QO . the coherent component. @ . and the

incoherent component, g, . as follows

O(x,, 1) = 0(x,) +O(x,. ) +q (x;, 1) 3)

where the time-average component and the incoherent component arc identical to the mean
of the Reynolds decomposition and the incoherent component of the double decomposition
respectively and wherce the coherent component can be obtained from the phase-average.,

defined above. as

0=<0>-0 @

The triple decomposition provides a means for studying the physics of coherent
structurcs and their intcractions with the time-mean flow and the incoherent turbulence.
However. as notcd by Hussain [1983]. implicit in this decomposition is the assumption that
the coherent structure is a perturbation of the time-mean flow. In a region occupied by a
coherent structure, the entire nonrandom motion is the coherent structure. Therefore, the

coherent structure is the flow itself and not a mere perturbation.
4.3 Governing Equations

The governing cquations will be presented as obtained according to the triple
dccomposition. The equivalent cquations for the double decomposition can be readily

dcrived following a similar procedure to the onc presented below (Hussain. 1983).
4.3.1 The Continuity Equations

The continuity equations for each of the threc components. namely the time-average
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and thc cohecrent and incoherent components. arc obtained by substituting the triple
decomposition for each quantity in the instantaneous continuity equation for incompressible
flow with constant density fluid and carrying out first the phasc-average and then the time

average. The equations obtained are (Hussain. 1983)

aUu. au. du,
—L=0 : —L=0 : —_—= )
ax. ax ax,

4.3.2 The Momentum Equations

The momentum equations for the three component ficlds are also obtained by
substituting the triple decomposition for each quantity in the instantaneous momentum
equation for an incompressible, Newtonian fluid with constant density (Hussain, 1983).
Carrying out first the phase-average and then the time average. and dropping the vanishing

terms. according to continuity. one obtains the time-average momentum cquation as

— — —

U, — U, 1 4p U, o ==
U —L= —(U,.Uj+un.u,j) (6)

ar 7 o, p dx. dx.dx. Odx.
J U J J J

Subtracting the latter from the phase-averaged cquation and using continuity yields

the coherent momentum equation as

aU. _aU. 1 aﬁ+v U

L A\ ST _
o Jax  par, arar -E(U’Uf)+E(U"Uf 0,0, Tty ity
J 4 J J J

)

The incoherent momentum cquation is obtained by subtracting the phase-averaged equation

from the instantaneous momentum equation as

aurf T aurf 1 ap a?.u ; e ~ —_ -~
—+U, = ———+V A ——(U.u.+u.U.+u.U.+u.un.-<un.u,>)(8)
o S dy  poax, oxaxy a7 7T 7T 1
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The above equations contain the following additional terms: U,U; ; <u,u_.> and
m . Dcpending on the adopted method of numerical or analytical solution . part or all
of these terms would require some kind of modelling.

[n the above derivations. it is implicitly assumed that the phase-average and the time-
average of incoherent quantitics are zero, and that the phase-average of the time-average is
cqual to the time-average. It is also assumed that the coherent and incoherent components
are uncorrelated, so that the time-average and the phase average of their products arc always
zero. Using the same assumptions, onc can cxpress the turbulent stresses according to the

Reynolds-decomposition as

U= U, U 9)
Similarly. it can be shown that
<WU-O)U;-U) > =< (U, +u ) U;+u ) > =0,0,+ <u_u_> (10)

Thesc two rclations allow the calculation of the time-average and the phasc-average of the
incohcrent stresses from quantitics that are easier to cvaluate.

One can also develop. following a similar procedure, the energy cquations and the
conservation equations for other quantities such as vorticity or kinetic cnergy. Examples of

these arc presented by Hussain [1983].
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Experimental Facilities and Instrumentation

5.1 The Flow Facility

The flow facility (Figure 5.1} is set up as an open-discharge wind tunnel, whose test
section consists of a rectangular channel containing a suspended. traversable aluminum pipe
("rod") with a diameter of D = 101 mm. The hydraulic diameter and the length of the test
section were, respectively, 1.59D and 54.0D. The channel was supplied with air produced
by a blower through a pressure box. In order to achieve even distribution of air flow, the
pressure box contraction ratio. namely the ratio of the pressure box cross-sectional area to
the open test section area, was 9.4. A woven screen was stretched across the entrance of the
channel to enhance the full development of the flow.

The rod was suspended at both ends as well as at a third location, placed at
approximately 20D downstream of the tunnel entrance. The middle support was used to
maintain the pipe straight, as much as possible. Each support was cquipped with a traversing
mechanism, utilizing finely threaded bolt-and-nut assemblies and dial gauges, to provide
accurate positioning of the rod with respect to the plexiglass channel base. The latter
contained an array of machined circular ports (Figure 5.2), which could be fitted with special

plugs containing pressure taps or measuring probes. In addition to these, the channel base
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had a sliding plexiglass plate, 2.8D upstream of the exit end of the tunnel, which could be

used for spanwise traversing of the probes.

5.2 Pressure and Wall Shear Stress Instrumentation

Wall static pressure can be measured by using infinitesimally small, clean, burr-free.
square edged surface holes with their axes perpendicular to the surface. Such holes were
machined in the plexiglass plugs discussed earlier (Figure 5.32). The static holes had a
diameter of 0.61 mm.

A Validyne DP 108, variable reluctance, diaphragm type. pressure transducer is used
for the measurement of the pressure. It is connected to an integrating voltmeter (TSI 1076)
with a time constant selectable at 0.1, 1.0, 10 or 100 s. The voltmeter rcadings are taken with
a resolution of 0.5 mV, which corresponds to 0.07 Pa.

Measurements of wall shear stress were conducted with the use of a flush-mounted
hot-film probe. It consists of a miniature flush mounted sensor element, deposited on a
quartz cylinder (TSI 1268, platinum hot-film), with a film length and width of 1.5 mm and
0.5 mm respectively. In order to perform wall shear siress measurements at various positions
on the base of the channel, the probe was initially fixed on a plexiglass plug, which,
however, showed evidence of local melting due to the high operating temperature of the film
(250°C). To remedy this problem, a Teflon sleeve was added, as shown in Figure 5.3b.

The hot-film was operated by a constant temperature anemometer (AA-Lab Systems,
model AN-1003). The signal conditioning and acquisition systems were the same as for the
hot-wire anemometry, discussed below.

The Preston tube technique (Preston, 1954) was also used. by applying the analysis
due to Patel [1965]. Two types of Preston tubes were employed. The first, shown in Figure
5.4, has an outer diameter of 0.72 mm and an inner to outer diameter ratio of 0.57. It was
mainly used to check or calibrate the readings of the hot-film probe. A set of the second
Preston tube type were available. Each consisted of a simple tube having an outer diameter
of 0.79 mm and an inner to outer diameter ratio of 0.64. These were glued to the rod surface
at fixed angular intervals to allow the measurement of the wall shear stress around the rod

perimeter.
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5.3 Hot-Wire Instrumentation

A variety of hot-wire and hot-film probes, including single. cross- and triple-sensor
probes, have been used. These probes can be classified in two categories, those that are to
be inserted into the flow from the exit end of the channel and those that arc of the boundary
layer type.

Two probes of the boundary layer type were available. A single hot-wire probe
(DANTEC, model 55P14 with a wire length of 1.25 mm) and a cross-film probe (TSI,
model 1249) that measures the streamwise and parallel-to-the-wall velocity components. At
a later stage of the work, the cross-film probe was converted into a cross-wire probe with
wire lengths and separation of 1 mm and 0.51 mm respectively. These probes were inserted
through the plexiglass base of the channel and were traversed normal to it. Each probe had
its own special traversing mechanism (Figure 5.5), designed and constructed for the present
purpose. The top parts of the traversing mechanisms were interchangeable with the
plexiglass plugs, so that they could be inserted at different positions on the channel base.

The remainder of the hot-wire probes were of the type to be inserted into the flow
from the exit end of the channel. These included a single wire probe (TSI 1260AJ-T15 with
a wire length of 1.30 mm) and a cross-wire probe (TSI, model 1248 with wire lengths and
separation of 1 mm and 0.51 mm respectively) mounted on a mechanism, designed and
constructed in the departmental workshop, permitting accurate traversing azimuthally,
radially and longitudinally with respect to the rod (Figure 5.6). A three-sensor hot-wire
probe (AUSPEX, AVE-3-102), that could resolve the instantaneous three-dimensional
velocity vector, was also used. Its sensors had a length of 1 mm and were confined within
a sphere of 1.5 mm in diameter. Their configuration is described in detail in Chapter 7. This
probe, also inserted from the exit end of the channel, was traversed in the vertical and
spanwise directions, with respect to the channel base, by a positioning system consisting of
precision leadscrews (Unislide Assemblies) driven by stepping motors and controlled by a
programmable controller/driver (Velmex Inc., model NF90).

The hot-wire and hot-film probes were operated by a multichannel constant
temperature anemometer (AA Lab Systems. model AN-1003). Prior to its digitization, each

analog anemometer output was conditioned. using the anemometer's built-in amplifiers and
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low-pass filters. These could offset the input signal by a DC voltage between +12 and -12
Volts, amplify it by a gain, selectable within a continuous range between | and 20. and low-
pass filter the amplified signal with cut-off frequencies selectable from a set of 12 discrete
values between 380 Hz and 14 kHz.

All conditioned signals were digitized using a 16-bit analog-to-digital converter
(IOtech, model ADC488/16). interfaced with a personal computer. The converter had four
possible ranges of input voltages, £1 V, £2 V, £5 V and =10 V. It could sample
simultaneously up to 16 single-ended or 8 differential analog input channels and digitize
them consecutively with sampling frequencies up to 100 kHz per channel.

The digitized samples were transferred to the hard disk drive periodically during the
acquisition. The hard disk data files were, afterwards, transferred for long term storage to

magnetic tapes and at a later stage of the work to CD-ROM disks.

5.4 Temperature Measuring Instrumentation

During the preliminary tests of the flow facility and the hot-wire tests for temperature
sensitivity, the local mean temperature of the air stream was measured with a glass-coated
thermistor mini-probe (Fenwal Electronics, 2000 Q). which was mounted on a slender
support (2 mm diameter, 70 mm long) in order to reduce probe interference. The thermistor
probe was operated with a home-made electronic circuit (Figure 5.7), providing nearly linear
output. The circuit could power up to four thermistors and could provide outputs
corresponding to individual thermistors as well as to differences between two thermistor
voltages.

The monitoring of the flow temperature during the measurcments and the calibration
of the thermistor were performed with the use of a mercury thermometer having 0.1 K

resolution.

3.5 The Flow Visualization Equipment

A smoke injection technique was used for flow visualization. A smoke generator

(Nutem Ltd, System E) was used for that purpose. Actually, in this device an oil mist,
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instead of smoke, is produced by vaporizing a colourless. non-toxic mineral oil through
heating and then condensing it into tiny droplets suspended in the air and giving the
impression of smoke. The oil mist was injected parallel to the air flow from an "L" shaped
tube attached to a similar plug to the ones shown in Figure 5.3. The tube could be traversed
normal to the channel base and in the spanwise direction if the plug were inscrted on the
sliding plexiglass plate. The oil mist flow rate was controlled through a valve in order to
achieve isokinetic injection.

For clearer visualization, only the flow region of interest was illuminated with a thin
sheet of light produced by passing a 100 mW laser beam through a cylindrical lens. The
visualized flow was recorded by a video camera. which had a minimum cxposure time of
0.001 s per frame and a fixed speed of 30 frames/s. For presentation here, sections of the

video film were digitized, frame by frame.

5.6 The Calibration Jets

At the initial stages of the present work, a home made calibration jet was used for
the charactcrization (e.g. the determination of the hot-wires' directional response and
sensitivity to temperature) and calibrations of the hot-wire probes. As shown in Figure 5.8.
the jet flow, produced by a centrifugal blower, was passed through various
turbulence-reducing screens, a settling chamber and then through a 24:1 axisymmetric
contraction with a 22.5 mm exit diameter. The flow could be heated using clectric heaters
placed immediately after the fan. At the jet exit, a probe mounting mechanism allowing the
rotation of hot-wire probes in one plane can be used to determine the directional response
of hot-wire probes.

At later stages of the work. a DISA calibration unit (DISA. model 55D90) became
available. To generate the jet flow, compressed air from the laboratory main line was
supplied to the pressure control unit (DISA, model 55D44), where it successively crossed
a filter (removing particles down to 0.5 pum in size), a pressure regulator and a sonic nozzle,
which produced a steady. constant, mass flow rate independently of small changes in
conditions. Then, the flow entered the main jet unit, where it is conditioned by screens, flow

straighteners and noise filters, and finally exited into the surrounding air through an
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axisymmetric nozzle. Four interchangeable nozzles were available, with exit area sizes equal
to 12,24, 60 and 120 mm®. The static pressure drop across the nozzle could be measured.
to obtain the jet velocity. In order to enable the determination of the directional response of
hot-wire probes, the unit was equipped, at the jet exit, with a probe mounting mechanism
allowing the rotation of hot-wire probes in two perpendicular planes. A small appendage to
the mounting mechanism was introduced to allow the probe roll angle to be varied and
measured accurately. A home-made heating system was added between the exit of the
pressure control unit and the inlet of the main jet unit. A variable transformer was used to

adjust its power input.
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Experimental Procedures and Accuracies

6.1 The Preston Tube Response

The Preston tube technique (Preston, 1954) was used. by applying Patel's [1965]

expression
y"~ = 0.8287-0.1381x " +0.1437(x ")>-0.0060(x ")?
. n
1.5<y <3.5
with

T d? AP d?
y" = logl == and x° =lo d (2)
4pv? 4pv*

where AP, is the difference between the pressure reading of the Preston tube and the static
pressure and d is the outer diameter of the Preston tube.

Patel [1965] introduced a pressure-gradient parameter

dpP
A=Y 42 3
o) e 3
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where v is the kinematic viscosity of the fluid, dP/dx is the pressure gradient and «" is the
friction velocity. A is a measure of the severity of the pressure gradient as it affects the flow
in the wall region. Patel [1965] estimated the maximum error in the Preston tube reading,
due to the adverse pressure gradient, to be 3% for
ud
A%

0<A<0.0l and <200 4)

and 6% for

ud
v

0<A<0.015 and <250 S)

For the present flow conditions and the Preston tubes used, the pressure gradient
parameter is A=2.10*. Since the departure of the wall region velocity distribution from the
inner law is gradual and small for small values of A (Patel, 1965). the Preston tube error due
to the adverse pressure gradient in this flow is expected to be negligible.

The overall uncertainty of the wall shear stress measured with Preston tubes,
accounting for the uncertainties in pressure readings and in Patel's expression, is 0.5% for
a confidence level of 95% (i.e. with 20:1 odds that the true value would be inside the
corresponding interval, centred about the reported value). All uncertainty analyses reported
in the present work are in conformance with current international standards, outlined in
ANSI/ASME [1985] and AGARD [1991].

6.2 Calibration and Testing of the Flush-Mounted Hot-Film Probe for
the Measurement of Wall Shear Stress

The measurement of wall shear stress with a flush-mounted hot-film probe is based
on the analogy between heat and momentum transfer. The principle of operation of this heat

transfer probe can be illustrated by considering a heated element placed flush with the wall

73



and maintained at a constant temperature. If the element is small cnough in the flow
direction, the thermal boundary layer formed over it will lic entirely within the viscous
sublayer, which has a lincar velocity profile. The scalar (in this casc temperature) transport
cquation, for this configuration. can be simplified by further assuming the influence of
turbulent transport in the direction normal to the wall to be negligible and forced convection
to predominate over natural convection and diffusion in the streamwise dircction. The
solution of the scalar transport equation, for thc boundary conditions of constant wall
temperaturc and constant unhcated flow temperature, yields the theoretical design cquation

of the hot-film probe (Hanratty and Campbell, 1983)

2\ /3
-Aif = 0.807{ i’ﬁ] (pt ) (6)
where g is the convective heat flux, AT is the difference between the element and the fluid
temperatures, p is the fluid density, C, is the heat capacity of the fluid. & is the fluid heat
conductivity, L is the clement length and g is the fluid viscosity.

The clectrically generated heat in the element can be related to the resistance, R. and
voltage across the element, E. by the relation ¢ = £7/RA4,. Assuming that the clement is
perfcctly insulated thermally towards the wall and neglecting density variations. Equation

(6) can be written as

E? = A7 '3 N

where

C kzp 1/3
A=0.8074 AT[ L ]
e L#

In practice, the heat loss to the substrate can not be neglected as it is often larger than
the heat convected. For rough purposes. this heat loss can be lumped into a constant term.
B, as

E* = At '°+B 8)

However, becausc of the heat losses., the assumption of a thin thermal layer contained
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entirely within the linear velocity profile region is not satisfied. Thus. the convected heat can
no longer be expected to vary proportionally to z,””. Morcover. the heat losses to the
substratc and the effective length of the element arc not casy to estimatc. An empirical
adjustment of the above equation, hopefully accounting, within a narrow calibration range.

for all the above uncertainties, is

E? = At "+B )

where the values of 4. B and n would be determined by direct calibration. The valuc of the
cxponent, 1, can be optimized during calibration by minimizing the rms crror between the
data points and the fitted calibration curve.

For its calibration. the hot-film probe has customarily been inserted in a simple flow.
¢.g. a circular pipe flow (Geremia, 1972) or flow in an annulus (Coney and Simmers, 1979).
for which the shear stress can be estimated by other means, for example from the pressure
drop. In the present work. the wall shear stress probe was initially calibrated within the
boundary layer of a flat plate, for which theoretical values arc known. In fact, it was shown
(Roberson and Crowe, 1985) that, for a flat plate in turbulent flow and in the absence of

pressurc gradients, the local shear stress is given by

U?0.0577

T R 15 Re < 107 (10)

"

where U is the free stream velocity and Re, is the Reynolds number based on the free stream
velocity and the streamwisc distance along the plate.

The flat plate (Figure 6.1) was cspecially constructed of plexiglass to be mounted in
an open-discharge wind tunnel of rectangular cross-section. hereafter referred to as the wind
tunnel. Provision was made for the adjustment of the plate height, to ensure that it is parallel
to the flow velocity. The flat platc has a sharp lcading edge and was fitted with pressure taps.
in the form of plugs similar to those used in the single-rod channel, for the measurement of
spanwisc and streamwise pressurc gradients.

Pressure, velocity and wall shear stress (using a Preston tube) measurements were
performed to examinc the possible differences between the flow conditions on the flat plate

and the conditions assumed in the derivation of Equation (10).
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Spanwisc pressure distributions taken at 225 mm from the leading edge appear to
confirm that the flow is two-dimensional. However, the strcamwise measurements indicate
the existence of an adverse pressure gradient (approximately 2.5 Pa/m). This departs from
the theoretical assumption of zero pressure gradient.

The free-stream velocity was about 6.5 m/sec and the trace of a hot wirc signal
within the boundary laycr indicated strong turbulent activity. At locations ncar the leading
cdge. measurements appcar to conform with the logarithmic law. However. further away,
the velocity profiles deviate from the logarithmic law duc to the adverse pressure gradient.

Measurements of the wall shear stress on the flat plate were also conducted with a
Preston tubc. The parameters introduced by Patel [1965]. evaluated for the flat plate used
here, are within the ranges described by Equation (4), thus implying a maximum error of 3%
in the Preston tube reading duc to the presence of the adverse pressurc gradient.

Measurements taken at 0.3 m from the leading edge indicated that, at this position.
Equation (10) would overcstimate thc wall shear stress by about 10%. A comparison of the
measured and predicted wall shear stress is presented in Figure 6.2.

To perform the calibration of the hot-film probe, the latter was placed at a location
0.3 m downstream of the leading edge. Special care was taken to have the probe plug flush
with the plate surface. The probe was calibrated versus the theoretical prediction based on

Equation (10). The obtaincd calibration equation was

E? = 114.081+29.59t 0% (11)

where £ is in Volts and z,, in Pa.

[n addition to the undcrestimation of the wall shear stress in the obtained calibration
equation, the above calibration procedure was found to be cumbersome. mainly because of
the need for mounting and adjusting of the flat plate in the wind tunncl. Also. possiblc
inaccuracies could be introduced by possible misorientation or protrusion of the probe
during calibration and/or measurement. To alleviate these problems. it was decided to
calibratc the probe in situ (i.c. in the singlc-rod channel) versus the reading of the Preston
tube.

The probe was inserted into the plexiglass base of the channel (457 mm upstream of

the channel cxit and 38 mm from the rod-wall gap in the spanwisc direction), the rod was
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raised sufficiently (about 50 mm from the base) to eliminate any interference effects with
the Preston tube readings (no detectable effect was observed down to a rod-wall gap of 20
mm) and the wall shear stress was varied by changing the mean flow velocity. An example

of calibration results is shown in Figure 6.3. corresponding to the expression

E? = 128.84+27.27¢ 03 (12)

In this calibration technique, the Preston tube was placed close to the hot film probe
and the static pressure was measured through a neighbouring pressure tap, aligned in the
spanwise direction with the probe. The interference of the Preston tube with the hot-film
reading was perceptible when the tube was located up to 31 mm downstream of the hot-film
or within 4 mm on the side of the hot-film. In addition to that. the Preston tube reading was
changing with axial distance. due to the axial pressure gradient in the channel. For these
reasons the calibration was performed with the tip of the Preston tube at the same axial
position as the hot-film probe, but displaced in the spanwise direction by 8§ mm.
Measurements indicated that the spanwise distribution of the static pressure was uniform,
at least within the accuracy of the pressure transducer reading. Therefore, the distance
between the Preston tube and the pressure tap should not introduce any appreciable error in
the calibration procedure. Also, the hot-film probe and the Preston tubc were placed in a
region of an essentially zero shear stress gradient. Therefore. it can be anticipated that there
would be no error due to differences in shear stress at the locations of the Preston tube and
the hot-film probe.

A correction procedure for the effects of the fluid temperature variation is difficult
to devise, especially due to the large heat loss to the substrate and the possible difference in
temperature between the fluid and the wall. The transient nature of the problem, arising from
the difference in heat capacity of the air and the wall, renders the construction of any model
even more complex. For these reasons, it was decided to carefully plan to conduct the
measurements and the calibration at the same steady fluid temperature. This is made easy
by the fact that the calibration is performed in situ.

As a verification of the wall shear stress calibration method, measurements right in
the gap for large gap widths (compared to the Preston tube size) were performed with both

the Preston tube technique and the hot-film probe (Figure 6.4).
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The cffcct of the orientation of the probe with respect to the main flow axis was
studicd by performing the calibration with the probe length paralicl and perpendicular to the
flow. The latter case presents the extreme casc of misorientation. In fact. over the range of
the calibration, the maximum error (i.c. the maximum differcnce between the two calibration
curves), due to the above misorientation, in wall shear stress was cstimated to be around 8%.

The positioning of the probe relative to the wall was found (Hanratty and Campbell.
1983) to affect strongly the response of the probe. As possible remedies. Hanratty and
Campbell [1983] suggested. based on a number of studics reviewed, cither calibrating the
probe in situ or mounting it on a plug with a rclatively large area and then transferring the
entire plug. Both of these suggestions were adopted here. [n addition. variations in the
plexiglass thickness were accounted for by using a cathctomcter and accurate shims (feeler
gauges with an accuracy of £0.025 mm) to mount the plug flush with the wall surface.

An analysis of the wall shear stress uncertainty, measured with the flush-mounted
hot-film probe, was performcd. The main contributors to the wall shear stress uncertainty
arc uncertainties in curve-fitting of the calibration data and in the determination of the
reference wall shear stress. The overall uncertainty on the time mean and the variance of the

wall shear stress are estimated to be respectively 3% and 6% for a confidence level of 95%.

6.3 Calibration of Hot-Wire Probes and Interpretation of Their
Signals

The hot-wire probes used in the present work were generally calibrated either in one
of the calibration jets or in the wind tunnel. versus a Pitot tube. The calibration equation was

based on King's law of cooling

E> = A+BU" (13)

An cxample of thc calibration curve of a singlc wire is presented in Figure 6.5. The
calibration constants were determined by lcast square fitting to the data and the exponent
was obtained by minimizing the rms deviation of the data from the fitted curve.

In order to perform measurements close to the wall and the region of small rod-wall
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gaps. probes had to be calibrated at low velocities. However, this calibration was hindered
by the insufficient sensitivity of conventional calibration standards (e.g. the Pitot tube) at
low velocities. A new calibration technique, in which the probe was mounted on a
pendulum, was developed. It is presented, in detail, in Chapter 7 along with typical
calibration results and a discussion on the use of a modified King's law in the low velocity
range.

For a single wire normal to the main flow direction, the velocity can be obtained
from the anemometer voltage output through King's law (Equation 13). However, when the
wire is not perpendicular to the main velocity vector, an effective cooling velocity, U_, is
used instead of U in King's law. Neglecting cooling from tangential components to the wire
and assuming an essentially two-dimensional flow, the effective cooling velocity can be
related to the velocity components in its plane. For example. when the wire is in the U-V

plane, the effective cooling velocity is given by

Uy = Ucosa+Vsina (14)

where o is the wire angle with respect to the mean flow direction. It is detcrmined
experimentally using the method described in Chapter 7 for the three-sensor probe.

It can be seen that for cross-sensors the effective velocities for both sensors will yield
a system formed by two equations similar to the above one. This is a system of linear

equations that can be easily decoupled to solve for U and V, as

Uem sin(e,) - Uﬂ72 sin(e,)

sin(a, +at,)

Ueﬁ'l cos(a,) - Ueﬁzcos(al) s

V=

sin(o, +c.,)

A special case arises when the wire angles are respectively +45° and -45°, which are
the nominal values for cross-sensor probes. For this probe configuration the two velocity

components are given by
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U = _T'

2

- (16)
o YU

For the measurement of two-point correlations, a simpler approach was followed, by
which the overheat ratios of the two sensors in each cross-sensor probe were adjusted to
provide nearly equal velocity sensitivities. The streamwise velocity fluctuation was
computed from the sum of the two digitized signals and the spanwise fluctuation from their
difference. As a test of this method. it was found that the voltage difference of the two
sensors changed by less than 4% of the corresponding rms values over the entire velocity
range of interest.

For the three-sensor probe, a more elaborate method was used to obtain the three
velocity components from the anemometer outputs. This method is presented separately in
Chapter 7.

Uncertainty analysis, accounting for uncertainties in curve-fitting of calibration data
to King's law, in measurement of reference velocities and in the determination of sensor and
probe body orientations, gave the following typical uncertainties, within a confidence level

of 95%, for the cross-wire probe:

ATU=2.5%, AVIU=2.5%, Aulu’~5.0%, Avi/vi=2.0%., Auviuv=10%

For the three-sensor probe, accounting for uncertainties in curve-fitting of calibration
and in the determination of sensor orientation and uncertainties due to the modelling of the
sensors' response in the solution method is not a trivial task. Instead, all of the above
uncertaintics were lumped together and evaluated experimentally by performing
measurements in the calibration jet with the probe oriented at different angles with respect
to the jet axis. The uncertainty is taken as twice the standard deviation (in order to insure a
95% confidence level) of the difference between the measured velocity and the calculated
velocity, based on the jet velocity and the probe orientation. As noted earlier. the
discrepancies between the measured and calculated velocities are more important for larger

azimuthal angles of the velocity vector. To reflect the measurements condition, only

80



differences measured at angles lower than 10° were considered in the uncertainty evaluation.
The overall uncertainty of velocity measurements using the three-sensor probe was obtained
by including uncertaintics in the measurement of reference velocities with the above
experimentally determined uncertainties. The resulting typical unccrtaintics, not accounting
for uncertainties in the determination of probe body orientation, within a confidence level

of 95%, are as follows:

AUU=1.2%, AVIU=3.5%, AW/U=2.3%,
Au?lu’=~2.4%, Av?:/v3=2.8%, Aw*/w?=1.8%,
Auwviuv=11%, Auwluw=8%, Avwivw=9%

6.3.1 Resolutions

The cross-wire and the three-sensor probes had nearly identical sensors, but the
three-sensor array occupied a larger volume than the cross-wire array, and therefore, the
latter is expected to have a better spatial resolution than the former has. For that reason, the
discussion of resolution will be presented for the three-sensor probe.

The main objectives of the present work are to document the "gross" properties of
the flow (e.g. U, ', etc) in a rectangular channel containing a single-rod, and to measure the
features of the large-scale structures that form in the gap between the rod and the channel
wall. Nevertheless, the ability of the probe to resolve small scale turbulence will be
examined.

The orders of magnitude of the different turbulence scales present in the studied flow
can be estimated based on reported measurements in similar geometrics and from
preliminary measurements performed in the present test section. Three characteristic lengths
are of relevance: the integral length scale, L, the Taylor microscale, 4,. and the Kolmogorov

microscale, 7,. These were estimated to be typically

L =19mm
A, =Smm
Ng=0.17mm

The sensors of the probe are contained within a spherical volume, 1.5 mm in diameter.
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Therefore, the probe has a good resolution for the measurement of integral scales and larger
scales e.g. the coherent structures. but is too large to resolve the Kolmogorov microscales.
It is estimated, by loose extrapolation of the results of the analysis of Wyngaard [1969] for
cross-wire probes, that the error in evaluating the Taylor microscale. using this probe, would
be around 20%.

The use of King's law, a steady state equation, in time dependent flow is only
Jjustified when the smallest characteristic time of the flow (the convection time of eddies of
the order of the Kolmogorov microscale) is sufficiently longer than the characteristic times
associated with heat conduction and convection from the hot-wire (Corrsin, 1963).
Estimates of these quantities for the present flow and probe indicated that steady heat losses
can be used to calculate the dynamic response of the wires.

The temporal resolution is also limited by the sampling frequency of the anemometer
signal. To be able to resolve events described by the Taylor microscale, it is required,

according to the Nyquist criterion, that the sampling rate be at least

23 . 6635H;

" IU

At the same time, one wishes to acquire a large enough sample to obtain a good
statistical representation of the largest scales present in the flow. Based on the frequencies
of the large scale coherent structures, the data records must be at least 3.5 s long to capture
approximately 100 consecutive realizations.

The above requirements were best met by the following available low-pass filter
settings and acquisition rates. which dictated the number of points to be acquired:

Low-pass filter: 3.8 kHz

Sampling frequency: 10 kHz

Number of points per record: 32 768

Number of records: 50

Idle time between records (to obtain statistically independent samples): 1 s
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6.3.2 Correction for Temperature Sensitivity of Hot-wires

In the present work, the calibrations of hot-wire probes were not performed in the
same apparatus as the measurements were. So, it is expected that the flow temperatures
would be different, especially in view of the fact that the test-section blower heated the air
going through it and that the room temperature varied with the time of the day. Therefore.
corrections for the effects of temperature changes between calibration and measurement
conditions were applied to the signals.

Starting from the empirical relation of Collis and Williams [1959] for heat transfer
from cylinders in cross-flow, it can be shown that, for a flow with varying temperature, the
relation between the anemometer voltage output and the velocity over the sensor is given by
(Tavoularis. 1978)

EZ _ A/+B/ l -0.8601.86nUn (17)
R(T,)-R(D) T,

where R(7) is the wire resistance at the specified temperature; all temperatures are expressed
in K, T, is the wire temperature and 7,=273 K. For the present cases, the variation of 7 was
typically of the order of 1% of the value of T, and the exponent n was in the range 0.35 to
0.5. So, the right hand side of the equation was only weakly dependent on temperature. In
fact, Tavoularis [1978] demonstrated experimentally that for speeds between 5.5 and 13.5
/s the right hand side remains effectively constant when the temperature is varied between
20 and 45 °C. All temperature effects appear through R(7). The latter is related linearly to

the temperature, as

R(D-RT,,) = ¢(T-T,) (18)

where T

ref

wire resistance is measured. «, is the temperature resistivity of the wire, determined

is a reference temperature, usually the room ambient temperature, at which the

experimentally by placing the hot-wire probe in a heated jet and measuring the wire

resistance as the air stream temperature is varied. The slope of the resistance-temperature
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linear curve is equal to the temperature resistivity (Figure 6.6).

Based on the above discussion, one can perform corrections for the effects of

temperature variation on the anemometer voltage output using the following expression

T
b s ABUY 19)

where T, is the air temperature during calibration. The ratio of tcmperatures on the left hand

side of the above expression is exactly the correction factor of Tavoularis [1983].
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V4

Developments or Improvements of Experimental

Techniques

During the course of the research towards documenting the flow and the coherent
structures in thc gap between a rod and the wall of a rectangular channcl. several
cxperimental challenges were met. The solution to these problems led. in certain cases. to
the development of new techniques or the improvement of existing oncs. The developments
or improvements that can be considered as contributions on their own or that are general and
indepcndent of the measurements of Chapter 8 will be presented here.

The interest in a technique for calibrating hot-wire anemometry at low velocities,
described in Section 7.1, arosc from the fact that for very narrow gaps between the rod and
the wall the velocity magnitude is reduced to ranges for which calibrations by customary
methods cannot be applicd.

It was apparent from a first sct of measurements and from physical considerations
that the "coherent” velocity, in the region between the gap and the middle of the subchannel,
is three-dimensional and that the most effective and accurate means of obtaining the three
components of the coherent velocity vector without losing their respective phase information

would bc to employ a threc scnsor hot-wirc probe. Therefore, a method to obtain the
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instantancous velocity vector from the anemometer signal outputs of a three-sensor probe
had to be developed. This method has been described in Section 7.2.

The clcar and repeatable features of the coherent structures. prescnt in the gap region
of the flow of interest, observed in the velocity traces. encouraged the exploration of the
applicability of conditional sampling techniques to the acquired signals. The adopted method
is the Variable Interval Time Average (VITA) technique. It was observed. after preliminary
tests of the technique. that improvements, based on the naturc of the coherent structures. to
the educed signals arc possible. Section 7.3 will present a method of enhancing conditional

sampling rcsults.

71 A simple pendulum technique for the calibration of hot-wire

anemometers over low-velocity ranges'

A limitation of hot-wire anemometers is that they requirc calibration versus some
reference velocity measuring technique. While relatively high velocitics (c.g. U > 4 m/s for
air flows) in calibration facilities can be easily calculated from pressure differences obtained
with pressurc tubes or wall taps, at low velocitics this approach is hindered by the decreasing
sensitivity and accuracy of pressurc measurcment instrumentation. To overcome these
shortcomings, several methods have been proposed to determine the reference velocity by
other means. These methods can be classified as static or dynamic, depending on whether
or not the hot-wire is given a movement in addition to or instead of the fluid flow.

A common static method consists of placing the hot-wire upstream of a contraction
and estimating the local velocity from the measured value downstream of the contraction by
using continuity and the assumption of uniform flow. Commercial calibration equipment
(DISA. 1972). utilizing this approach. has a threshold of about 0.5 mys. Obviously. this
approach requires extreme carc in the generation of the flow and its accuracy is limited by
viscous cffects. In another procedure. low velocities were induced by draining water at
controlled volumetric flow rates from an air-tight chamber connected to the calibration

nozzle (Christman and Podzimek, 1981). The relationship between the flow rate and the

The work presented in this section has been published by Guellouz and Tavoularis [1995].
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centerline velocity for fully developed laminar pipe flow has been exploited to perform
calibrations at low velocities (Andrcws et al, 1972 and Lee and Budwig, 1991). A calibration
method in which the reference velocity is deduced from the vortex shedding frequency
behind a cylinder was also proposed (Lec and Budwig, 1991).

Dynamic methods of calibration for hot-wires and hot-films include towing (Aydin
and Lcutheusser, 1980; Tabatabai ct al.. 1986; Tsanis. 1987). rotating {Pinchon. 1970;
Anhalt, 1973), oscillating (Perry. 1982) and swinging (Haw ct al., 1987; Haw and Foss.
1990; Bruun et al., 1989; Zabat ct al., 1992) thc probe by appropriatc devices. All these
methods require proper care to eliminate undesirable influences. such as drafts and
vibrations. while some of them are also based on certain assumptions and theoretical models.
The swinging arm ("pendulum”) method appears to gain popularity, perhaps because of the
relatively low cost and easc in fabricating the apparatus. It also appears that this method
could bencfit from further removal of complications in thc design. operation and
instrumenting of the apparatus (for cxample. Bruun et al. (1989) used a photocell to trigger
sampling, while Zabat ct al. (1992) diffcrentiated thc output of a computer-controlled
solenoid). Simplification of the required assumptions and data processing procedures also
appears to be feasible. An cxample of an assumption that appears to be unnccessary is Bruun
ct al's (1989) use of 4 = KE,7, where E, was the anemometer output at no-flow and K = 0.8,
which would make B and n functions of the Reynolds number (Andrews at al., 1972).
Therefore, we have devised a procedure that utilizes an apparatus that is either readily
availablc in most engincering schools or easy and inexpensive to fabricate and requires no
morc hardware than a digital data acquisition system. The simplicity of the analysis also
removes unnccessary sources of error.

Another issuc associated with the measurement of low velocities with hot-wires is
the uncertainty in modelling the hot-wire response at low Reynolds numbers. The most
commonly used relationship for the responsc of a hot-wire placed normal to a stream with

velocity U is the modificd King's law

E? = A+BU" (1)

where £ is the voltage across the scnsor and 4, B and n are constants, to be dctermined by

calibration. The cxponcnt n proposed originally by King (1914), based on an analysis of
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convective heat transfer from infinite cylinders. was 0.5. while several other investigators
have proposed values generally in the range between 0.4 and 0.5. There is evidence,
however, that different values of n would be more appropriate if calibration were restricted
to a narrow ranggc, particularly in the very low velocity range. Two physical rcasons for this
change of responsc have been identified: the lack of vortex shedding for Reynolds numbers
below approximately 45 and the increasing importance of natural convection. as Re - 0.
Criteria for testing the importance of natural convection arc cxpressed in terms of the
Grashof number, Gr. which is the ratio of the buoyancy forces to viscous forces times the
ratio of incrtia forces to viscous forces. Among the availablc criteria. onc could mention

those proposed by Collis and Williams (1959)

7 \o
Re_ = 1.85 Grf’-”[ ?”'] ()
Hatton et al (1970)
Re = 2.2 (Gr, Pr,)%*® 3)
and Christman and Podzimek (1981)
Re =2.00 Gr, @)

All of the above criteria, when cvaluated for a cylindrical hot-wire with a diameter
of 5 um and typical ovcrhcats, yicld lower air velocity limits for neglecting natural
convection of the order of 0.05 my/s, with the corresponding Re = 0.01 (evaluated at the
"film" temperature, 7,,, i.e. thc average of the wire and ambient temperatures).

Table 7.1 summarizes the available estimates of n in thc low velocity regime.
Correspondence between velocity and Re was based on the use of a 5 pm sensor. operated
at 7,.= 523 Kin air of T. = 293 K. The above results indicate that, for U > | m/s. n scems
to have no systematic variation and takes values in the range from 0.4 to 0.5. established by
optimal fit to calibration data. On thc other hand, if a calibration is restricted to the range
U < 1 mv/s, values of n in the range from 0.5 to 1 would be more appropriate. In view of the
rather scarce information on this issuc. additional independent tests concerning the low-

velocity value of n arc nceded.
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A final issue to be considered in calibrating thermal anemometers with the
"pendulum” method is their temporal response. Because the relative velocity during the
swing of the sensor varies continuously, it would be advisable to establish whether its
voltage output would be subject to significant hysteresis. Zabat et al (1992), in their study
of hot-film response, introduced an acceleration parameter, @, representing the ratio of

convective and acceleration time scales, as

@ = —— ®)

and concluded that, for &< 0.085, the heat transfer from the sensor would be essentially free
of transient effects. It may be remarked, however, that even if unsteadiness would affect the
calibration of hot-films, which have a relatively slow response, it is not expected to be a

problem for hot-wires, at least in the low Reynolds number of present interest.

7.1.1  QGutline of the procedure

The proposed new calibration technique can be summarized as follows. With the hot
wire sensor mounted on the pendulum arm at a radius . the linear vclocity of the wire can

be related to the angular velocity, @ = d@/dt, of the pendulum by the expression

U=ro (6)

Using King's law of cooling (Equation 1), the anemometer voltage output can be expressed

as

E? = A+B(rw)" a

In the present case, a direct measurement of the angular velocity of the pendulum arm is not
needed. Instead, the following method was employed to determine the calibration constants
A. B and n. For the same release angle of the pendulum arm, the actual velocities. U, and U.,

of two hot-wire probes mounted at radii r, and r,, respectively, would be related as
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4
U, = TUz t.)

Define a velocity difference as

rl
AU = U-—U, 9)

-2

which, in terms of the corresponding voltage outputs. £, and £,. of the ancmometer. is

r '
(EIZ_A)I/H_[ Tl] (EZZ__A)l/n Blun (10)

Although. ideally, AU should be identically zero. in practicc it will attain non-zero

expressed as

AU =

values, due to both systcmatic (e.g. errors in the mcasurement of ) and random (e.g. noise)
causes. The optimal estimates of the calibration constants would be obtained by minimizing
the magnitude of AU over the entire velocity range of interest. To avoid unnccessary
complications and uncertainties, it is proposed to minimize the root mean squarcd velocity

differcnce, €, over the accelcrating half of the forward swing, given by

_ 4 174 2
€ = J?ﬁ) AU dr (1n

Although optimization can easily be done by trial and error. one may also employ
any of the many available multivariate optimization algorithms (for example, the method
adopted in the present study is the Simplex method described by Borrie, 1986). For
simplicity, instead of a trivariatc optimization process for A. B and n. required to minimize
€, onc may minimize the quantity €B’”, which only involves bivariatc optimization for 4

and n, and then determine B by rewriting Equation (7) as

(EZ_A)l/n
r

=B l/nw (12)

90



and intcgrating both sides over a quarter of the period of oscillation. as

tn n
d E*-A
d:
B = fo{ r J (13)

where &y, and 6, arc, respectively, the maximum-velocity angle and the releasc angle. The
cxpected cconomy in effort scems to justify the small bias introduced by this approximation.

The application of the proposcd method will be illustrated by a calibration of a
DANTEC 55P14 hot wirc probe, having a single platinum-plated tungsten sensor, 1.25 mm
long and 5 um in diameter. The pendulum (Figure 7.1) uscd initially in this application was
a Charpy apparatus (Avery. model 6703). originally intended for the "notched bar impact
testing of metallic materials” (ASTM standard method). It consists of a 1.1 m arm with a
large mass concentrated at its end. The mass of the probe and its mounting mechanism were
negligibly small compared to the pendulum mass, so that changes in their position along the
arm did not appreciably affect the pendulum characteristics. The release angle was fixed for
all tests by a "lock and relcasc” systcm and was cqual to 70° from the vertical.

At a later stage of this work, a dedicated pendulum was designed and constructed
(Figure 7.2). It consisted of a 1.4 m long T-section-stecl-bar. forming the pendulum arm,
and a concentrated mass of 9 kg, formed by joining two 0.025 m thick steel plates. Several
positions on the arm were provided for the mounting of either the mass or the probe holders,
thus allowing calibrations to be performed over several velocity ranges. typically for
maximurm velocities from 0.3 m/sec to 10 m/scc. The magnctic basc of a dial gage was used
as a release mechanism by magnetically holding and relcasing the cnd of the arm. Two
release angles were selected, at 90° and 20° from the vertical.

To perform a calibration, the anemometer signal was digitized. using an analog-to-
digital converter board mounted on a personal computer. and recorded for half the first
swing (i.c. when the probe was moving forward) after the release of the pendulum arm, with
the hot-wire sensor mounted successively at two different radii. Only the first swing was
considered for both radii to insurc the quiescence of the surroundings, because, during
subsequent swings, the probe traversed the wake of the pendulum arm formed at its previous

passage. Further carc was taken to shut down the air conditioning system and to climinate
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convection currents from the floor. When the hot-wire probe was mounted tangent on the
Charpy apparatus. it was protruding forward to avoid the possible disturbance of the air
caused by the forthcoming pendulum arm. The hot-wire sensor prongs were mounted
tangent to the circular path of the sensor at each selected radius. The data were digitized at
a rate of 2,000 Hz. thus giving typically about 2,000 points per half period. and smoothened
by a moving average type digital filter. The repeatability and consistency of the hot-wire
traces during different trials was confirmed by tests conducted for the same radius.

The matching of the angular positions corresponding to the signals £, and £,. was
achieved by matching the times corresponding to the positions of maximum velocity, i.e. to
the minimum anemometer voltage. A smoothing algorithm was applied to the digitized
signals in order to eliminate the effect of random noise. A typical pair of matched voltage
traces is shown in Figure 7.3.

The present technique requires the values of at least two angular positions at two
different times during the forward swing of the pendulum. In order to calibrate a probe in
different velocity ranges,. it would seem sufficient to utilize only the signal corresponding
to a relatively narrow angle, however, the measurement or estimation of intermediate angles
would introduce additional uncertainty. To minimize such uncertainty. it was decided
always to use the release and maximum velocity angles and to vary the velocity range by

changing the release angle, the position of the mass. or the radial position of the sensor.
7.1.2  Results and discussion

As an example of the proposed calibration procedure, Table 7.2 presents the
calibration coefficients estimated from three different sets of data, using the probe described
in the previous section, mounted on the home-made pendulum. As a consistency test, the
maximum velocity in each case was computed from the potential energy of the pendulum,
neglecting frictional losses, and it was found to agree within 2% with the corresponding
values based on the hot wire calibration. As a further consistency test, the angular velocities
were calculated, using the calibration equation and the signals acquired with the sensor
positioned at two different radii, and were found to essentially coincide. at least during the

forward swing.
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Two more tests of the sensor response will be presented before discussing the
calibration results. Concerning possible unstcady effects. the maximum valuc of the
accelcration parameter, «, was cstimated and was found to be roughly 0.00015, much lower
than the critical value of 0.085 proposed by Zabat et al (1992). Therefore. the steady King's
law would likely be applicable over the centire swing of the pendulum. The absence of
hysteresis is also confirmed by the symmetry of the velocity signal before and after the
maximum velocity point. Another concern. of relevance cspecially to casc 3 (Table 7.2),
was the possible effects of natural convection in the near zero velocity range, which may
particularly affect the integral used in cstimating the calibration constant 8. The most
restrictive lower velocity limit for the validity of the modified King's law (see previous
scction) was found to be 0.06 m/scc. Abovec this limit the velocity crror due to convection
would be negligible (note that, according to the Hatton ct al (1970) correlation. at velocities
as low as 0.03 m/scc the crror in the indicated velocity would only be 10%). A rough
estimate of the error in the value of B due to natural convection was of the order of a fraction
of a percent and therefore negligible.

The values of the optimal velocity exponent in King's law in the diffcrent calibration
ranges, shown in Table 7.2, are generally consistent with the previous literature. When the
entire velocity range between 0 and about 4.8 m/s was considered, the optimal exponent was
found to be 0.41, well within the gencrally accepted range for moderate speed calibrations.
However, as the velocity range was restricted to lower values, the optimal exponent
appearcd to increase, showing a tendency to become unity, as U, -~ 0. The present
measurements and somc results from the literature are plotted in Figurc 7.4. As an aid to the
eye. the following fitted empirical relationship between the exponent and the maximum

wire-Reynolds number for a particular calibration is also shown

n = 0.856+0.318arctan(-9,525Re_, +0.753) (14)

As an illustration of the possible errors introduced in the measurement of cxtremely
low velocities using hot wircs calibrated over a relatively wide velocity range, the
hypothetical measurcment of velocity in the buffer layer was considered, assuming that the
actual velocity profilc is as measurcd by Reichardt (Hinze. 1975) and assuming that the

friction velocity was 0.03 m/s so that the obtained profile would be within the range of the
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calibration presented as casc 3 in Table 7.2. The procedure was as follows. First, it was
assumed that the calibration cquation of case 3 correctly represented all velocitics and the
corresponding hypothetical voltage outputs of the ancmometer were calculated. These
voltages were then inserted in the calibration equation of case 1., and the corresponding
velocities that would have been measured if this equation were used were computed. Figure
7.5 shows the velocity distributions obtained from the two calibration equations. [t can be
secn that the calibration obtained using the wider velocity range underestimates the velocity
except in the region close to the wall i.c. y*<3, where it overestimates it. In addition to and
more important than the error in velocity would be the error in the estimate of wall shear
stress based on the velocity gradient at the wall. An estimate of this error. for the example

of Figure 7.5, was 36%.

7.1.3 Conclusion

A new, simple and inexpensive calibration technique in which the hot-wire probe is
mounted on a pendulum was introduced. This technique could utilize the Charpy apparatus.
which is available in most mechanical engineering laboratories, or an casy-to-build special
apparatus. The main design considerations for this apparatus are the release angle, the mass
and length of the pendulum. The mass of the system should be at Icast 30 times larger than
the mass of the probe and its mounting mechanism to insure that placing the probe at
different radii would not alter appreciably the position of the centrc of mass. The length of
the pendulum arm and the rclease angle are dictated by the required velocity calibration
range, with the maximum velocity estimated by equating the potential energy of the
pendulum at the release angle and its kinetic energy when it passcs through the vertical
position.

The exponent of the vclocity in the modified King's law was found to be 0.41, for
wirc-Reynolds numbers less than 0.87, and increascd to 0.66 and 0.84 if the latter were
restricted to 0.15 and 0.08, respectively. An empirical relationship between the exponent in

King's law and the calibration velocity range was fitted to the present and previous data.
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7.2 Signal analysis method for three-sensor hot-wire probes’

A probe comprising three sensors can resolve the three-dimensional instantaneous
velocity vector at a point. This represents an indispensable tool, in studies where the
instantaneous velocity fields are three-dimensional in nature, and a definitc advantage when
correlations between different velocity components and/or turbulent stresses are to be
measured. Several types of three-sensor probes. with different sensor configurations, have
been developed (Bruun, 1995). These can be classified as orthogonal or non-orthogonal
probes, according to whether the three sensors are mutually orthogonal or not. Among the
commercial probes, the TSI 1299-20-18 hot film probe and the DANTEC 55P91 "claw-
type" hot-wire probe are both orthogonal probes. while the AUSPEX AVE-3-102 is non-
orthogonal.

The interpretation of hot-wire anemometry signals requires a method relating the
anemometer voltage outputs to the instantaneous velocity vector. While this is trivial in the
case of a single wire normal to the flow, measuring one velocity component, and relatively
straightforward in the case of a cross-wire, measuring two-velocity components, for three-
sensor probes this becomes quite complex as it requires solving a system of coupled non-
linear equations. The arrangement of three mutually orthogonal sensors. as will be seen later,
introduces simplifications that result in easier to solve. uncoupled. equations. Hence stems
the appeal of using such probes. However, orthogonal probes have limitations at high
turbulence intensity flows (Acrivlellis, 1980) and, more importantly, they are rarely truly
orthogonal due to manufacturing imperfections.

Two approaches have been followed in the past to determine the velocity vector from
the anemometer voltage outputs. In the first approach, calibrations are performed at different
velocity magnitudes and angles, and the velocity vector is deduced from these calibrations
using fitted equations (Butler and Wagner. 1983), a numerical search algorithm (Huffman.

1980) or a look-up table (Gieseke and Guezennec, 1993). The second approach consists of

N

It was discovered after the development of the method described in this section that a similar solution was
already proposed by Lekakis et al [1989]. However, the exercise was not futile since the method presented
by Lekakis et al {1989], when implemented, did not yield acceptable solutions. Although an explanation
has not been found, it is possible that this failurc may be due to a typographical error in the expression of
one of the numerous coefTicients contained in that reference.
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modelling the hot-wirc responsc and solving the full hot-wire rclationships. The latter
approach is the one adopted here.

The analysis below aims at developing a general method of relating the instantaneous
velocity vector to the anemometer voltage outputs of three-sensor probes. The developed
mcthod will then be applied to the probe of interest, namely the AUSPEX AVE-3-102 three-
sensor probe, manufactured by AUSPEX Corporation.

7.2.1 Mathematical derivation

First, the ancmometer voltage output for each sensor. E; . is related to the velocity

through King's law of cooling

E'= A+Bugy (15)

The effective velocity, u,;, . for each sensor is expressed in terms of Jergensen's equation

(Jergensen, 1971)

2 2,2 2,2 2
U= Utk g +huy; (16)

where

u,; : velocity component normal to sensor "i" and in the plane of its supporting prongs.
u,; : velocity component tangential to sensor "i".

u,; : velocity component normal to sensor "i" and to the plane of its supporting prongs.

k; : yaw cocfficicnt for scnsor "i".

h; - pitch cocfficicnt for sensor "i".

The values of 4; . B; . n; . k; and £, . for cach sensor. arc determined through calibration.
The scnsor configuration and the coordinate system are shown in Figure 7.6, which

is specific to the AUSPEX AVE-3-102 probe, although the corresponding angles can be

readily obtained for other probe configurations. The sensor-oriented velocity components

u,;. u,;and u,; can be expressed in terms of the probe-oricnted components, « . v and w, of

the instantaneous velocity vector and the probe geometry. In order to simplify the equations,
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in all of the following analysis, one of the sensors, namely sensor 1. will be placed in the u-v

plane of the Cartesian coordinate system. The resulting expressions are as follows

= ucos(al)—vsm(al)
u,,= usin(e,)+vcos(e,)

u,=w

u,,= ucos(e,)—(vcos(d,)-wsin(d,)) sin(c.,)
u,= usin(e,)+(vcos(d,)-w sin(d,))cos(ce,)

u,,= vsin(d,)+wcos(d,)

u,,= ucos(e,) —(vcos(63) W sin(63))sz'n(a3)
U= usin(a,)+(veos(d,)+w sin(8,))cos(et)

u,;= vsin(d;)-wcos(8,)
The effective velocities can then be written as functions of the probc-oriented velocity
components as

ue}.,: (ucos(oz[)—vsz'rz(ozl))z+k12(usz'n(0tl)+vco.<>'(ozl))'°'+h12w2 %))

u;',;,f(u cos(e,) (v cos(d,) -wsin(3,)) sin(e.,))*
+1c_,2(usin(a2) +(vcos(d,)-wsin(8,)) cos(e,))? (18)

+hy(vsin(8,)+ weos(8,))*

U g =(ucos(ee) —(veos(d,) +w sin(d,)) sin(e,))>
+k32(usin(a3) +(VCOS(53) +ws[n(63)) COS((X3))2 (19)

+hy (vsin(d,) -wcos(8.))>

The above equations are coupled, non-linear equations for » . v and w. In the case of

orthogonal sensors. the particular combination of ¢; and J; yields equations uncoupled for
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u , v and w. Coupling can be worked around and a solution is possible if the velocity
components are expressed in terms of the velocity magnitude, [u, and the polar and

azimuthal angles fand y.

u= {ul cos(y)
v=|u|sin(y) cos(pB) (20)
w=|ul sin(y) sin(p)

Then, the effective cooling velocities will be given by

Uor= |ul*[(cos A(B)sin*(c.,) +hy sin *(B) +k; cos *(B)cos X(«,)) sin *(y)
+(2k12cos(B)sin(a[)cos(al) -2 cos(B) sin(w )cos(a,)) cos(y) sin(y) Q1)

+ (K sin ¥(ee,) +cos (at,)) cos X(Y)]

U= lul*[(cos(B)cos(d,) -sin(B)sin(d,))*sin X(c,) +h; (cos(B)sin(8,) +
sin(B)cos(,))*+ kll (cos(B)cos(d,) -sin(B) sin(3,))* cos *(a.,))sin *(y)

+(2 k,l2 (cos(B)cos(d,) - sin(B)sin(d,)) sin(c.,) cos(a,) -2 (cos(B)cos(d,) 22)

-sin(B)sin(d,)) sin(e.,) cos(c,)) cos(y)sin(y)+ (kzsin ) a,) +cos (1)) cos *(Y)]
ue}f|[u||2[(cos(ﬁ)cos(63) +sin(B)sin(d,))’sin *(a.,) +h(cos( B)sin(d,)-

sin(B)cos(d))*+k;(cos(B)cos(d,) +sin(B)sin(d))*cos *(at,))sin *(y) + 23)

(2 kj(cos(B)cos(ﬁ 5) +sin(B)sin(8,))sin(e,)cos(e,) -2(cos(B)cos(d,) +

sin(B)sin(8,))sin(e.,)cos(e.,))cos(y)sin(y) +(k;sin (a;) +cos *(a,)ycos X(y)]

The above equations are linear in [u[. Thus, the velocity magnitude can be separated from

its direction by writing
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_ ue}ﬂ, Uy
~—- and Cp=— (24)
Uo Uog

which is equivalent to

C,ue},-ue}f 0 and C,,u,},—ujﬁ; 0

The special case where one of the effective velocities is equal to zero need not to be
considered here, since in the flows of interest, the streamwise velocity component is always
positive and non-zero.

When developed., the last two equations yield

C/cos*(B)sin*(c,) +hsin*(B) +k.cos X B)cos ¥a,)) ~h; (cos(B)sin(d,) +sin(B)cos(d,))*
~k; (cos( B)cos(8,) -sin(B)sin(8,))*cos *(e,) —(cos(B)cos(d,) ~sin(B)sin *(8,))sin *(c,))
tan(y) +(2(cos(B)cos(3,) - sin(B)sin(Bz))sin(aZ)cos(az) +C,(2 kl2 cos(B)sin(a )cos(e)
-2 cos(B)sin(e)cos(e)) -2 kf(cos(B)cos(ﬁz) -sin(B)sin(d,))sin(e.,)cos(e.,))tan(y)

+Ckisin*(a,)+cos (at,)) ~k;sin (o) ~cos ()= 0

and

C,(cos *(B)sin*(e,) +h sin () +k;cos B)cos *(a,)) ~h(cos(B)sin(d ,)=sin(B)cos(3.))
—ksz( cos(B)cos(d,) +sin(B)sin *(8,))cos *(e.,) ~(cos(B)cos(8 ) +sin(B)sin *(3,))sin *(ct,))
tan *(v) +(2(cos( B)cos(d,) +sz'n(B)sin(63))sin(oc3)cos(a3) +C (2 klzcos(ﬁ)sin(al)cos(al)
-2cos(B)sin(e,)cos(e,)) —2k32(cos( B)cos(8,) +sin(B)sin(8,))sin(c.,)cos(c.,))tan(y)
+C”(klzsin *(e) +cos ¥(a,))- Z5in Xa,)-cos*(a,)= 0

Grouping terms in y and using trigonometric identities, the following set of equations is

obtained

a, tan’(y)+b tan(y)+c;= 0

a,tan*(y) +b,tan(y)+c,= 0 25)
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where the coefficients arc independent of ¥ and given by

a,= a, sin*P)+a,sin(B)cos(B)+a ;cos*(B)

a,= a, sin*(B)+a,,sin(B)cos(P)+a,,cos*(B)

b= b“sin(B)+bucos(B)

b,= b,, sin(B)+b,,cos(B)

c,= C,(klsin*(a,)+cosX(e,))~k; sin (0,) -cos *(et,)

c,=C ”(klzsin *a,) +cos *(a,)) —~k; sin a,)-cos ()

a,=C ,hl2 ~k; sin *(3,) cos ¥(at,) ~h; cos %3,)-sin*(8,) sin¥(a,)

a,,= 2cos(d,)sin(d,)sin 2(ozz) —2h._,2 cos(d,) sin(8,) + 21(22 cos(d,)sin(d,) cos X o,)

5= -k cos *(8,)cos () ~h; sin *3,)+C(sin*(ar)) +k] cos *(t,)) - cos (8,) sin ¥(c.,)
ay = Cyhl -k sin(8,)cos X(a;)~h; cos(d,)-sin *(3,) sin*(e,)

a,=2 hi cos(8.)sin(8,) -2 cos(8,)sin(d,) sin *(et,) -2 kfsin( 3.,) cos(8,) cos *(a;)

a

ay,= ks cos(,)cos (o) ~hy sin (D) + C (sin *(et,) +k; cos X)) ~cos A(B,) sin X(c,)
b= 21612 sin(d,) sin(w.,) cos(c.,) -2sin(d,) sin(c.,) cos(c.,)
b,= 2c0s(d,) sin(c.,) cos(a,) + G2 klzsin(ocl) cos(a,)-2sin(a,)cos(c.,))

-2k; cos(d,) sin(a.,) cos(c.,)

b,,= 25in(d,) sin(c,) cos(e.,) -2 k,,lsin(és) cos(et,) sin(c.)

The solution of the above set of equations is performed by letting x=tan’(y) and y=tan(y)

and solving the set of linear equations for x and y. If a,h,-a.h,#0 . then

, b,c,-b,c,

x:[an*(y):._'
a,b,-a,b, 26)

an(y) a,c,-a,c,

=tan(y)=——ow—=

¢ Y albl—a‘.’.bl

However, in the case where a,b,-a.b,=0 , y is the solution of the quadratic equation
a, tan’ (y) + b, tan (y) +c, =0, if ¢ fc,=a /a,or ¢ =c.=0 , and there will be no solution
otherwise.

The above expression gives ¥ as a function of f. Solving for f is performed by

equating x and y’. This yields, after arrangement of the terms and the use of trigonometric
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identities, the following equation

(L,tan*(B)+;1tan *(B) + L, tan *(B) + [, ran(B) + ) cos *(B)= O 27

where

-

2 2 2 2 2 2
L= ¢\byay +a6; ~C,by(@1by ~2a,,6,0,ay € a3, ~C by by @y +Cb110,,

2 2 2
ly= ¢,b31a,,Cbyyb) @5, ~Cb 148, Dy +2€1 05,85, +C,b1 a5,
+2¢,b,.a,,b,,-¢\b, b, a,,~Cb, b, ~C,b,a, b,y

2
~2012C2C1a21 +2al lc2a12+2c2b 1 1b 1282 _Clb 21b 12831 "2‘1116201‘122

2 2 2 2
L= €,b310,3-20,36,0,0,,+@15C5 ~CD 18,3, +€,0118,5-C,D, 1,02, €100, 0,
2
G013 Dy € 1325, =20, C5C\ 803+ 2,Dy,8,,D,,=C,b 81,0y =€, D 20D 1185,

2 2 2 2 2
+20,0,,G,,+C, 05, -20,,C,C,a,,+2C,b, b .a,,+2a, c;a .+ bypa,
~Ciby1byay-¢ 0,050,

2 2 2
L= €128y, +2a1,6;8,3+C D330, + 20,0, 1D 1,05, =C,b 8,105, ~20,,C,C1 0
2
~Cyb 1181302, =20,36,€,0, =€\ Dy, b 1,01, -C,b A, b, +2C a0,
—Clb22bl 1923 —Clbzszzazz +2Clb21a13b22

2 22,2 2 2
4= =Cyb 1401302, =C 153D 11003 +C D@ 1 +815C5 +CoD 58, +C Q53 =2a,5C,C, 854

Equation (27) is equivalent to

cos(f)= 0
or (28)
L, tan*(B)+L,tan*(B)+ 1, tan *(B) +1, tan(B)+1,= 0

The /; coefficients are only function of the probe geometry, the yaw and pitch coefficients
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and the measured effective velocities.
It can be verified whether cos3=0 is a solution by substituting cosf=0 and sin3==x/
in the expressions of @, ., h; and c; and equating y* and x. Thus. for cosB=0 to be a solution.

the following equation has to be verified

(auc[-a”cz)l= (bllcl-bllcl)(allb‘ll _a‘llbll) (29

in which case =772 or f=3 /2. To select the right solution, onc can use Equation (26) to
calculate y for cach of the above £ values. then substitute each pair of angles in Equations
(20) and (21) to calculate jju||. The solution would be the pair that yields the same value for
[ull from both equations.

[n the case where cos 0, the 4" degree equation in tan B has to be solved. This will
be done according to the method of Salzer [1960]. Once the value of the polar angle, 4. is
determincd, the azimuthal angle, ¥, can be calculated using Equation (26). However. the
solution of Equation (28) will, most of the time, yield four values of 5 and hence. four
values of y. The right pair corresponds to the pair with the smallest ¥ angle. In fact, as
explained by Lekakis et al [1989], for small flow vector variations a simple approach to
remove the problem of non-uniqueness is to orient the probe in such a way that the flow
vectors arc always contained within a cone of angles, called the "uniqueness domain". This
domain, which includes the y=0° direction, contains one and only onc root of Equation (28).
all other roots being outside the domain. For a given probe geometry, the boundary of the
uniqueness domain is computed by numerically examining all solutions (8, y) for real double
roots. For example. the uniqueness domain for the present three-sensor probe (Figure 7.7)
was obtained by finding, for a given value of g, the value of y for which Equation (28)
yields real double roots. To minimize computation time a search algorithm was employed.

Since Jorgensen's equation may not describe accurately the probe response to vectors
close to the boundary of the uniqueness domain, due to probe support interference, thermal
wakes. ctc... it is advisable in practice to restrict the velocity vectors to a domain smaller
than the computed uniquencss domain (Lckakis ct al. 1989). This will always be satisfied
in the flow of interest, as its velocity vectors are expected to have azimuthal angles less than
10°.
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In view of the above mathematical development, the solution scheme, shown in
Figure 7.8, was adopted to obtain the three components of the instantaneous velocity vector
from the simultaneous voltage outputs corresponding to each of the three-sensors of the

triple-wire probe.

7.2.2 Probe characteristic angles and coefficients

The solution method adopted above requires the determination of the yaw and pitch
coefficients, k; and b; for each sensor, in addition to the & and &; angles.

The determination of these angles and coefficients has been performed in the DISA
Calibration Unit 55D90, described in more detail in Chapter 5. This unit produces a
variable-velocity, low-turbulence free air jet in which the probe to be calibrated is placed.
The unit is equipped with four interchangeable nozzles yielding jet areas of 12. 24, 60 and
120 mm® respectively. The largest nozzle is used here in order to cnsure that all three sensors
are located in the free jet core and thus cooled by the same velocity vector. The probe
mounting arrangement is located at the top of a small vertical column. The positioning
arrangement renders it possible to alter the flow direction relative to the probe on two
calibrated axes at right angles to one another. For better accuracy, one of these axes is
connected to a multiturn potentiometer which delivers a signal proportional to the angular
position. For the determination of the probe roll angle, a home-made mechanism, equipped

with a protractor, was added to the original unit.

7.2.2.1 Determination of the J; angles

The sensors of the triple wire probe are colour-coded and will be referred to.
hereafter, using their colour-codes, namely red, white and blue. To determine the &, angles,
onc of the sensors was used as reference and the angles made by the other two relative to it
were resolved.

The probe was placed in the jet with its axis perpendicular to the flow direction.
First, the reference sensor, in this case the red sensor, was placed in the plane containing the

Jetaxis. This is achieved by varying the roll angle. The angle corresponding to the maximum
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voltage output of the anemometer is the angle for which the sensor-plane is parallel to the
jet axis. To determine the relative angles. J. the same technique was used to align the
sensors with the flow direction. The respective angles were read off the protractor and the
relative angles were calculated to be: 6, =&red-white)=121° and &, =&(red-blue)=120°.
The procedure was repeated three times, with different reference sensors, and the obtained

0; angles were found to be identical (within £0.25°).
7.2.2.2 Determination of «;, k; and A,

The probe was first calibrated in the jet with its axis aligned with the jet axis. For this
calibration, King's law of cooling, Equation (15), was used where the effective velocity is
expressed according to Jergensen equation. Because the binormal component vanishes in this
case, one may neglect the tangential velocity contribution and write King's law for each

sensor as follows

E? = A,+(B, cos"e) U, (o)

Thus, rather than determining B, from the calibration, the value of B,'=(B; cos™a) is
obtained.

The wires were then pitched. each in its own plane. with respect to the vertical, by
an angle . typically between -20° and +60°. Again. neglecting tangential cooling, the
anemometer voltage output would be given by

A+ B’ [ cos(c,+1)

Cos «;

n;
n

U, G1)

Jet

E? =

14

Rearranging the above equation allows &; to be calculated for each value of ¢ as

A tn;

cosy -(E7 -A)/B)) " I1U,,
sin

(32)

;= arctan

Average values of ; were «,,,=45°. &,,,.=42.5° and &,,,=39°.

A sample of the dependence of the sensors' response to yaw and pitch is shown in
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Figure 7.9. The measurements were performed by varying the yaw angle for three different
roll angles. namely ¢ =0, 45 and 90°. The effective velocity can be expressed, similar to

Equation (21), as

Up= U,i, [(cos X d)sin (o) +h; sin *($) +k cos *(d)cos He)) sin *(Yr)
+(2 k,.zcos(d)) sin(a)cos(c,) 2 cos(}) sin(ec)cos(e.)) cos(yr) sin(y) 33)

+ (k7 sin*(et)+cos *(at)) cos ()]

The yaw and pitch coefficients, &; and /; were optimized to obtain the best-fit between the
above expression and the measured data points (Figure 7.9).

Earlier attempts to determine &; and A, (Jergensen, 1971; Samet and Einav. 1985; and
Mobarak et al. 1986) have established the fact that these coefficients, and especially the yaw
coefficient, can not be assumed constant over a wide range of { angles. Since in the flow
of interest the velocity vector is confined in a small cone with y typically under 10°, the yaw
and pitch coefficients will be determined for yaw angles between -20° and +20°.

Table 7.3 summarizes the probe characteristic angles and cocfficients, obtained for
a constant jet velocity of 8 m/s. The obtained yaw and pitch coefficients are comparable to
values in the literature for similar sensors (Jergensen. 1971; Samet and Einav., 1985;
Mobarak et al, 1986; and Wagner and Kent, 1988). Also, tests run at jet velocities of 4 m/s
and 8 m/s showed that there was no significant velocity effect, within the above range. on
the sensors' responses to yaw and pitch. This is in agreement with the findings of Chew and

Ha [1988], who reported no velocity dependence over a range from 6 m/s to 19 m/s.
7.2.3 Validation of the solution scheme and the data-processing pregram

Extensive tests were run on the "solution" subroutine, first with numerically
generated velocity vectors, covering a wider range than the flow-expected range. Once
satisfied that the solution subroutine recovers correctly the input velocities, this subroutine
was integrated in the data-processing program and tested with acquired signals of the three-
sensor probe. For these tests, the probe was calibrated in the DISA jet and the above

determined probe angles and coefficients were used. Several long data-records were acquired
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with the probe positioned at different combinations of the yaw and pitch angles. The jet
velocity was measured and thus the three velocity components relative to the probe could
be calculated and compared to the results of the data-processing program. The two sets of
results, for the three velocity components, agreed to within 1-2% of the streamwise
component for azimuthal angles less than 12°. For larger angles, the discrepancies become
more important. These can be attributed to aecrodynamic interference of the prongs and to
thermal interference of upstream sensors on the downstream ones. There are no simple
means to correct for these interferences. However, it is not expected that the flow of interest

would have velocity vectors with large azimuthal angles.

7.3 Enhancement of Educed Signals by the VITA Conditional
Sampling Technique

The large-scale, "coherent” structures, known to exist in many turbulent shear flows,
can be readily detected from measured spatial correlations (Tavoularis and Corrsin, 1987)
and velocity spectra. However, statistical techniques give only quantitative information on
the time-averaged properties of such structures. losing much of their details. This is partly
due to the fact that the repeating velocity patterns, when viewed at fixed points, are never
sufficiently periodic to be clearly recognizable (Davies and Yule, 1975).

As it is not practical in many applications to introduce arrays of transducers to
acquire sets of simultaneous measurements, conditional sampling techniques have been
designed as a means of distinguishing and isolating these organized structures. According
to Antonia [1981], conditional sampling and averaging has helped to close the gap between
data collected in an Eulerian frame of reference with information obtained in a Lagrangian
frame, as is the case for flow visualization studies.

Ensemble averages can be obtained relative to a particular phase (i.e. time relative
to an identifiable characteristic event during the life time of the structure) of the structure.

The conditional average, or phase-average, of a quantity, Q, is defined as

<Q(x;,T)> = % S O, £+T) (34)
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where 7is the time corresponding to the reference phase. ¢, is a specified time with respect
to the occurrence of the structure of interest. N is the number of detected events. and x;
represents the spatial position. [t is to be noted that, for large N, any randomness will be
inherently averaged out to zero.

Sharp discrimination is not possible because of the background turbuience. thus
conditional sampling results should be accepted with caution becausc they may represent
only part of the physical activity. Ncedless to say. onc should also demonstrate that the
recognized pattern is not an artifact of the detection technique.

Conditional sampling requires triggering or conditioning critcria which are
characteristic of the cvent or structurc to be measured. The subjective choice of these criteria
makes these techniques somewhat arbitrary. Blackwelder and Kaplan [1976] suggested to
keep the triggering criteria to a minimum and as simple as possible. while retaining the
cssential features of the event to be detected. Any time in the velocity-time history can be
used as a reference point provided it has a unique significance in the event to be detected and
it has features that make it clearly distinguishable from the rest of the signal (Lau and Fisher.
1975).

Scveral criteria have been used by different investigators. Wallace et al [1977]
applicd simple criteria. including conditions on the time derivative of the velocity. Winant
and Browand [1974] uscd two probes. onc of which. the trigger probe. is placed at a fixed
position. The arrival of the structure is detected when the velocity fluctuation sensed by the
trigger probe crosses through zero with a positive slope. Browand and Weidman [1976]. on
the other hand, used detection criteria based on the relative maxima or minima of the signals
cxceeding an amplitude threshold of 1.2 times the rms value, along with other conditions on
the waveform or phase-lag. They found that relaxing the requirements resulted in a greater
number of detected events, but at the expense of "blurring the image”. Similar observations
were made by Bruun [1977]. Blackwelder and Kaplan [1976] and Day et al [1993]. The two
latter references used the Variable Interval Time Averaging (VITA) technique. In this
method, the running averaged standard deviation of the fluctuating signal from the trigger
probe is examined and used as a reference signal for the conditional sampling. The detection
is achieved by using a threshold level on the obtained "localized variance”. A variation of

this method is presented by Bisset et al [1990], who used a Window Average Gradient
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(WAGQG) as their detection reference signal instead of the "localized variance".
Comparisons of the performance of several conditional sampling techniques in
detecting coherent structures in turbulent boundary layers, have been performed by
Subramanian et al [1982] and Yuan and Mokhtarzadeh-Dehghan [1994]. Kevlahan et al
[1994] presented a comparison of the identification of structures by conditional sampling
techniques and other analytical techniques such as the Fourier transform, the Karhunen-
Loeve orthogonal decomposition, functional pattern recognition, fractals, and wavelet
transforms. They found the conditional sampling method to give the best results in addition
to being the easiest to use. Its only drawback is its sensitivity to the choicc of conditions.
[t follows from the above review that there is no universal conditional sampling
technique. One should devise and tune one's own method. depending on the structures to be
identified. The choice of the detection criteria can be accomplished by inspection of the
velocity traces. The legitimacy of these criteria and their effect on the obtained results have
to be tested. Also, it has to be proved that the outcome is not an artifact of the method. This

can be achieved by testing the technique with randomly generated signals.

7.3.1 The VITA technique

Inspection of velocity traces in the application of interest, namely flow in the rod-
wall gap region of a rectangular channel containing a suspended rod. indicated the presence
of clear and repeatable features that can be attributed to coherent structures (see Chapter 8).
An essential feature of the observed structures is the nearly periodic large fluctuations
accompanying it (this is best seen in the spanwise velocity component for traces acquired
right in the centre of the gap). The detection or triggering criterion, therefore, has to retain
this characteristic. According to this, an appropriate conditional sampling method is the
Variable Interval Time Averaging (VITA) technique presented by Blackwelder and Kaplan
[1976], and briefly described below. This technique was applied to the detection of
organized structures in turbulent boundary layers (Blackwelder and Kaplan, 1976), turbulent
jets (Day et al, 1993) and turbulent wakes (Antonia et al, 1987).

The variable interval time average of a quantity Q is defined by
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- 1 e
Q(x,.,t,D—-f f O(x..s).ds (35)

=772

where T is the averaging time interval. which is of the order of the time scale of the
phenomenon under study. It is to be noted that the conventional time-average is obtained
when T tends to infinity, and the dependence on . the time when avcraging starts. is lost
because of stationarity.

A localized measure of the turbulent energy is the "localized variance”, obtained by
applying VITA to the square of the velocity and subtracting from it the localized squared
mean value. For example, when expressed as a function of the spanwise velocity component,

W, the localized variance is defined as
var(x,,1.T) = W(x,t, D -[W(x,.t, DT? (36)
A detection is made according to the following criterion

1 if var> kw? and dW/dr>0

0 otherwise

D(r) = 37
where £ is the "threshold level” and w? is the running variance of the velocity.

The conditional average is then obtained using Equation (34), with 7; being taken
midway between the beginning and end of the time period during which D(t)=0 (D(t)=I only
during very short time intervals). The condition on the velocity time derivative was added
to discriminate between flow accelerations and decelerations in order to ensurc proper phase

averaging.
7.3.2 Testing of the technique

Tests were conducted to determine appropriate averaging time. 7, and threshold
level, &. The technique was first tested using a numerically generated sine-wave. The
"optimal" averaging time, i.e. one that gives the most pronounced variations, corresponding
to accelerations or decelerations, in the "localized variance", was found to be equal to half

the period of the sine-wave. The optimal T obtained when a sample of the spanwise velocity
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component in the centre of the gap was used. was also approximately half the average period
of the signal. Therefore, for the remaining of this work, the averaging time was set to
approximately half the period of the passage of the structures; for a U,=10.1 m/s. this was
25 ms.

A test during which the threshold level was varied, while VITA was applied to the
same acquired signal. showed that a relatively low value of £, e.g. £=0.5. retained nearly all
the signal. while a high & value, ¢.g. &=1.2. excluded the entirc signal except for few peaks.
As k increased. the magnitude of the obtained ensemble average was scen to increase, while
its shape was qualitatively the same. although with a smaller period (Figure 7.10).
Blackwelder and Kaplan [1976] also noted an evident trend in the results as the averaging
time and the threshold level were changed. They explained this dependence by the fact that
not all of the structures have the same amplitude, but a distribution of amplitudes and sizes
probably exists. For higher threshold levels, only the more intense cvents would be detected
and the conditional averages would be larger. Thus, if the dctected events were truly
deterministic, the threshold value should only affect the magnitude of the event and not its
structure, which implics that the conditional averages should scalec monotonically with the
threshold valuc.

Figurc 7.11 shows the same signals as those in Figure 7.10 normalized by their
respective threshold values. Even though the difference in magnitude is less important for
the normalized signals. they obviously do not scale with the threshold value. This should
have been cxpected. because, for the educed signals to scale with the threshold value, the
individual events should vary only in magnitudc while keeping the same period and
wavcform. This is obviously not the casc. as seen in the velocity traces. Furthermore, due
to the small-scale turbulence and the cycle-to-cycle variation of the structures. the detection
time of some cvents can casily be shifted, especially for low threshold values. The
misalignment of events can also result in ensemble averages with attenuated magnitudes and
larger periods.

[f onc aspires to obtain an cnsemble average which is independent of the threshold
value, at lcast over a rcasonable range, and closer to the true ensemble average (this is of
utmost importance. when a decomposition of the velocity into coherent and non-coherent

parts is required), onc should align better the individual events and then devise an averaging
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method to take into account not only variations in magnitudc of thc cvents. but also

variations in their period lengths.
7.3.3 Enhancement of the VITA educed signals

In view of the above observations. we developed the following method for the
enhancement of enscmble averages obtained by the VITA technique. Actually. the proposed
mcthod can be applied to enhance results of any conditional sampling technique. but it will
be presented in the context of the VITA technique since it is the technique adopted in this
work. To help explain the method, we will consider the five detected cvents shown in Figure
7.12.

The method consists of an iterative procedurc. As a first step. the conditional
sampling technique is used to obtain a first estimate of the cnsemble average. In the second
step. a second pass through the same data is performed. In this pass. the time-correlation of

each detected event with the previously determined cnsemble average is calculated as

T W, 1) WX, t+At+t/a)de

R, {0, AT) =——= (38)
f C W, t)dt.f "W, AT+ t/a) de

where A7 is a time shift from the detection time, 7, and <, is the time interval over which the
correlation is calculated. rand . are selected so that the correlation will be based on the
most important part of the signal i.c. covering nearly a period of the velocity variation (for
the example of Figure 7.12. typically 7=0.020 s and 7.=0.040 s). To account for the variation
in period length of the detected event. the correlation functions are calculated with the event
time-axis cxpanded or contracted by a factor, «. Typical correlation functions, for a few
values, are shown in Figure 7.13. These correspond to the middle signal of Figure 7.12. The
At value corresponding to the maximum of the correlation function gives the time by which
the signal is to be shifted for the best alignment with the previously calculated ensemble
averagc. Also, the correlation function with the highest maximum corresponds to the
optimum ¢ factor, to be used for expanding or contracting the event's time scale to match

the periods of the event and the previously determined ensemble average.

11



Dcpending on the value of the highest correlation function maximum. the detected
event is either rejected (c.g. for values less than 0.5) or retained for the calculation of a new
ensemble average. In case the event is retained, its time scale is expanded or contracted and
then shifted, according to the corrclation results. Figure 7.14 shows the same five signals
of Figure 7.12, after expansion/contraction and shifting. The magnitude of the ensemble
average of the five manipulated signals, shown at the bottom of the graph (Figure 7.14), is
remarkably higher than the cnsemble average of the original signals (Figure 7.12).

Once the new ensemble average is obtained. its time-scale has to be
expanded/contracted by the average of the « factors of all retained cvents, a,,,,,.. This
second step is to be repeated until convergence of successive ensemble averages is achieved.
[n practice, convergence is reached quickly. As an example, it can be seen in Figure 7.15
that after onc pass the ensemble average remains essentially the same. Also, the number of
retained events remains constant after the first pass, for which the number of rejected events
is of the order of 2% of the total number of detected events. The total number of retained
events is a function of the threshold value.

Figure 7.15 illustrates also the enhancement of the ensemble average. The magnitude
of the velocity maximum increased by about 50%. while the negative minimum velocity
morc than doubled in magnitude, resulting in a clearer definition of the velocity variation.
The length of the structure period became slightly smaller. However, the part of the signal
corresponding to thc subscquent structurc was not improved. Actually, the enhanced
ensemble average rcached zero much earlier than the original average did (not shown in
Figure 7.15). This can be explained by the jitter, phase shifts and variations in magnitude
and size of the structures. In fact. duc to these factors, aligning onc structurc and matching
its period length, with the previously determined ensemble. does not necessarily improve the
alignment of the subsequent structure or the matching of its period. Therefore, if one only
wishes to obtain an overall picture of the flow field. including a few successive structures.
it is advisable to use the original ensemble average without attempting to enhance it.

Figure 7.16 represents enscmblc averages obtained using the enhanced VITA
technique with different threshold levels. Contrary to the results of Figure 7.10. the
ensemble averages are not strongly dependent on the threshold value. This is, perhaps, the

most important outcome of the enhancement. Eliminating the dependence of the results on
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subjectively chosen threshold values reduces arbitrariness. which is onc of the drawbacks

of conditional sampling techniques.
7.3.4 Conclusions

A method for enhancing enscmble averages obtained from conditional sampling
techniques was presented. It is relatively simple to implement, however, it requircs
substantial additional computational time. Depending on the required accuracy for the
determination of the expansion/contraction factor and the number of iterations used in the
determination of the ensemblc average. this is typically 5 times the original computational
time. which is not excessive and casily accommodated by a powerful personal computer.
The improvements arc well worth the additional computational time. especially if the
mcasurements are to be used in evaluating the statistics of coherent and incoherent
components of the velocity.

Another outcome of the method is the fact that, when applied to the VITA results,
it reduces substantially the dependence of the results on the threshold value, thus improving

the objectivity of the technique.

113



The Measurements

8.1 Preliminary Tests

A number of preliminary tests were conducted prior to the main measurements.

The flow temperaturc was monitored during the opcration of thc flow apparatus.
Figure 8.1 shows that the flow temperature reached a constant value after about 60 minutes
from the starting of the fan. All measurements were taken after at least one hour of fan
operation. A thermistor probe was traversed in the test section to verify the uniformity of the
flow temperature. The latter was found to vary by less than 0.15 °C over the cntire main
measurement area. The flow temperature was always monitored during the measurements
and was used to estimate appropriate temperature corrections for the hot-wire anemometry
measurements. The flow rate through the duct was also monitored routinely. All reported
measurements correspond to flow rates that were essentially constant in time.

Measurements of the centerline static pressure distribution along the test-section, for
several rod-wall gap sizes. indicated that the pressure gradient was essentially constant in
the downstream end of the channel. which implies that the mean velocity profile would be
fully developed. However. as observed by Rehme [1987d], two different phenomena take

place during flow development in rod bundles: a redistribution of the mass flow rates among
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the different subchanncls and a downstream development of the velocity profiles. as in all
channel flows. Rehme [1987d] showed. for his four-rod bundle with P/D=W/D=1.148, that
flow redistribution, the strength of which depends on the entrance conditions. was still
present at downstrcam positions where the mean velocity profiles were fully developed. It
was, therefore, decided to run tests to verify the symmetry of the flow distribution at the
measuring station. as this is an indication of the flow redistribution between the subchannels
scparated by the rod.

The initial results of thesc tests revealed asymmetric velocity distributions. For the
main measurements, however. the flow asymmetry in the test scction was reduced to less
than 1% of the corresponding averages by adjustment of screens in the pressure box near the
channel inlet. Figures 8.2 and 8.3 illustrate the degree of symmetry achieved after these

adjustments.
8.2 Reynolds Averaged Statistics

The bulk vclocity, defined in the region bounded by the rod surface and the

surrounding linc of maximum velocity (Ouma and Tavoularis [1991b]). as

_Lprpr,
U"-Aj;)fo Ur,d)rdrdd ¢}

and calculated using Pitot tube and cross-wire velocity measurements, was found to be
essentially independent of the rod-wall gap size. In the present tests, U, = 10.1 m/s £2%.
for 1.050 < W/D < 1.250. The Reynolds number, Re,, based on the bulk velocity and the
hydraulic diameter of the entire channel, D,=161 mm. was approximatcly equal to 140.000.

The variation of thc mean local wall shear stress, z,.. measured with Preston tubes
around the periphery of the rod and with the hot-film probe along the channel bottom wall.
is presentcd in Figure 8.4 normalized by the bulk dynamic pressure. %pU,”. The skin
friction coefficient. C., varied only slightly for 1.100 < W/D < 1.250. but. for smaller gaps.
it presented increasingly lower minima on the symmetry plane. In addition to the mean. the
fluctuations of the wall shear stress along the bottom wall were also measured. using the hot-

film probe. Thesc fluctuations were quite strong. with rms values typically about 7% of the
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corresponding local means. The profiles of the dimensionless rms wall shear stress, C,=
t,, /(%pU,?) shown in Figure 8.4, are similar to the corresponding mean profiles.

Most of the velocity measurements presented below were performed using the three-
sensor probe. according to the grid and coordinatc system shown in Figure 8.5. Typical
mean isotachs (i.e. contours of constant axial mean velocity), based on these measurements,
are presented in Figure 8.6 for the W/D=1.100 configuration. In the region very close to the
centre of the rod-wall gap, only measurements at a height equal to half the gap-width from
the bottom wall were conducted, because the probe's body size was not much smaller than
the gap width. Isotachs for the gap region were obtained using cross-wire velocity
measurements. These are shown in Figure 8.7 along with isocontours of the axial. « . and
azimuthal, u,", rms turbulent velocities.

The isotachs exhibited a mild bulging towards the corners of the rectangular channel.
This is compatible with the effects of secondary flows known to exist in non-circular
channels, for cxample the rectangular ducts of Gessner and Joncs [1965] and Melling and
Whitelaw [1976]. A more pronounced bulging towards the corners is secn for the contours
of the three rms velocity fluctuations, # . v and w ’(Figures 8.8 to 8.10), and the contours
of the turbulent kinetic energy. k=1/2 (-L-t—2 e +;v—5) . (Figure 8.11). An attempt was also
made to measure the mean velocity components V and W by the three-sensor probe. In
conformity with previous measurements in rectangular channels (Gessner and Jones [1965]
and Melling and Whitelaw [1976]), the measured values of these velocities did not exceed
3.5% of the bulk velocity. which is comparable to the measuring uncertainty. Therefore,
these results were not considered reliable enough to determine the magnitude and direction
of the secondary flow (i.e. the velocity component in a plane normal to the main flow
direction).

In the rod-wall gap region, the mean isotachs exhibited a strong bulging towards the
centre of the rod-wall gap (Figure 8.7), which was more pronounced than the bulging
towards the comers of the rectangular channel. This observation was explained in the earlier
literature by the presence of strong secondary flows in the gap region. However, the contours
of the rms turbulent velocities and kinetic energy are clearly incompatible with such an
explanation, because secondary flows may transport turbulent activity from one region to

another but can not produce it. The effect of sccondary flows on such quantitics as turbulent
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intensities or kinetic energy would be by extending the regions of their respective maxima
to regions of the flow that would otherwise have lower values. Secondary flows cannot
create isolated regions of maximum turbulent activity. This is obviously not the case for the
present distributions. In fact. the azimuthal, u, ", and spanwise, w , rms turbulent velocities
(these components coincide in the vicinity of the gap, ¢=0) had their maxima in the centre
of the gap, whereas the absolute maximum of the rms axial velocity was located at
approximately one gap width from the bottom wall and half a diameter from the centerline,
i.e. halfway between the subchannel centre and the gap centre. The same behaviour is noted
for the turbulent kinetic energy (Figure 8.11), while v“was maximum away from the gap
region, approximately at half a diameter from the bottom wall, close to the rod and facing
the open flow region (Figure 8.9).

The three turbulent shear stresses were measured and are presented, normalized by
the square of the bulk velocity and in contour form, in Figures 8.12 to 8.14. Away from the
rod-wall gap, all of these stresses had higher levels, associated with the strong mean velocity
gradients in the wall region. In particular, these stresses were larger close to walls normal
to their respective planes. For example, one may notice that the contours
of uv and uw became nearly parallel to, respectively. the top and side walls of the channel.
The signs of these stresses were consistent with the "gradient transport” concept and opposite
to the signs of the corresponding mean velocity gradients. As for the contours of the normal
stresses, the effects of secondary flows are clearly noticeable in the bulging of the contours
towards the corners of the channel.

In the gap region. the maxima of the uv and uw stresses were located at the same
positions as the axial rms turbulent velocity maxima, i.e. halfway between the subchannel
centre and the gap centre. The vw stress, on the other hand. had contours comparable to
the contours of v .

Figures 8.15 to 8.17 show contours of the three shear stress correlation coefficients.
They have nearly the same shapes as the contours of the corresponding turbulent shear
stresses.

As will be discussed in the next chapter, the variation of the turbulent stresses in the
gap region can be explained by the presence of quasi-periodic, large-scale vortical structures.

The existence of such structures in rod bundle flows was demonstrated in the literature.
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However, the few studies available on the subject, most of which are from the same group.
have not yet produced a complete description of all features of these structures. The

measurements. described below, were aimed at further characterizing such structures.

8.3 Coherent Structures

8.3.1 Flow Visualization

In order to verify the existence of large-scale quasi-periodic structures in the gap of
the single-rod section, flow visualization was performed. This was achicved by injecting
"smoke" (actually an oil mist) through a thin tube inserted in the gap and illuminating the
gap with a spanwise thin sheet of light. The visualized flow was recorded by a video camera.
For better clarity, the recording was done at relatively low velocitics, typically at Re, =
16,000, and, usually, with an exposure time of 0.004 s. At higher velocities. the general
appearance of the flow patterns was essentially the same, however, the obtained images were
blurred. For presentation here, sections of the video tape were digitized. frame by frame.
A typical sequence of digitized frames of the video film is presented in Appendix A.
Animation of the visualized flow is possible by flipping the pages at a steady rate.

The visuaiization clearly showed the presence of large-scale pulsations, which
occurred almost periodically across the gap. Turbulent diffusion was also visible, but it was
obviously much weaker than the large-scale transport. Such pulsations were visible over the
entire range of Reynolds numbers possible in the present setup, including laminar flows and
highly turbulent flows, and persisted even for gap sizes as small as 0.025D. The flow
pulsations were not perfectly periodic at any Reynolds number, but displayed some
perceptible frequency irregularities and occasional jittering. The lateral excursions of the
smoke reached beyond the projection of the rod for relatively narrow gaps but they appeared
to diminish progressively to about D/8 (on each side of the axis) as the gap widened to
W/D=1.200. At first glance, this diminishing of the smoke streak amplitude may seem to
indicate a decrease of the cross-sectional area of the vortices. However, the same effect

could be causcd by a weakening of the vortex strength and/or the increasing local convection
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speed at wider gaps. Thercefore. although useful in confirming the presence of pulsations.
smoke strcaks cannot provide conclusive information about the sizc and strength of the

presumed vortices.

8.3.2 Velocity Fluctuation Patterns

The structure of possible cohcrent motions was first investigated qualitatively by
inspection of the velocity signals, samples of which are shown in Figure 8.18. This
approach generally confirmed the presence of quasi-periodic flow pulsations across the gap.
in conformity with the flow visualization results and previous studies. The highest degree
of regularity was exhibited by the w component on the centreplane of the channel and at
nearby locations, while at larger distances from the centreplane the fluctuations of that
componcnt both decrcased in amplitude and lost their quasi-periodic character. The u«
component also cxhibited a quasi-periodic variation, which was most noticeable at
intcrmediate distances from the centreplane and weakened on the centreplanc as well as at
relatively large distances from it. The time series provided by a fixed velocity probe is
approximately the same as a streamwise profile across a structure, if one considers that the
structures are convected downstream by some constant convection speed while not changing
substantially in time. The present velocity signals have patterns which are generally
compatible with the velocity ficld of an array of convected parallel vortices. distorted by
small-scale turbulence and by occasional vortex interactions. Although the typical
fluctuation patterns corresponding to the passage of a vortex are easily recognized by eye,
they also exhibit substantial cycle-to-cycle variation and frequent phase shifts, which distort
their averaging process. This can be secn by considering typical spectra of sclected. quasi-
periodic, velocity signals (Figure 8.19). Although these spectra generally exhibit distinct
peaks, presumably corresponding to the most likely convection frequency of these structures,
the peaks arc fairly wide and tend to be obscured at locations wherce the cffects of these
vortices are either weak or not well represented by the sclected signal. In conclusion. it is
clear that the proper identification of the statistical features of these vortical structures is not
an casy matter and would likely require the use of sophisticated methods. such as conditional

sampling tcchniques.
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8.3.3 Two-Point Measurements

The complete mapping of the instantaneous flow structure requires the simultaneous
measurement of the velocity vectors throughout the flow region. This was not possible with
the available means, but. instead. an approximate mapping was attempted by conducting
two-point velocity measurements with the use of two cross-wire probes. The first probe was
fixed at a position (x.y.z) and the other onc was traversed to a distance (Ax.4y.4z) from the
fixed probe. As the present channel flow was fully developed. all statistics should be
independent of the streamwise position, x; in fact, this was verified by correlation
measurements performed at different x positions near the exit end of the channel.
Furthermore, for these measurements. both probes were always positioned at the same
distance, y. from the bottom wall, so that 4v = 0. Therefore, all measured statistical
propertics arc only functions of z.4x.4z and the time difference, 4r. For exampie, the

measured two-point, space-time corrclation of the streamwise velocity fluctuation is

R (z,Ax,Az,Ap) = uz,1) u(z+Az,Ax,t+Ar) o

“ u'(z) u'(z+Az,Ax)

From the above definition. one can recover the single-point autocorrelation by letting 4x =
4z = 0. and the two-point, space correlation by letting 4r = 0.

A set of measurements werc taken with the fixed probe at the centre of the gap and
the traversed probe at a distance from the bottom wall equal to half the gap width. Figurc

and R,.. mecasured for scveral gap widths with

i e

8.20 presents the two-point correlations R
the two probes aligned on the symmetry plane of the test section. The corresponding
correlations R, and R,,. not presented here, attained very low values for these probe
positions. Some correlations in Figure 8.20 show clear oscillations, which can be interpreted
as cvidence of spatial periodicity. Such oscillations occurred only for the smaller gap widths
and mostly for the spanwisec velocity component. In view of other evidence for the existence
of quasi-periodic flow pulsations at all considered gaps, one fcels compelled to search for
an cxplanation for the non-oscillatory appcarance of most correlations in Figure 8.20. First
of all, it has alrcady bcen observed in the flow visualization images and the velocity signals

that the repeating patterns (“coherent structures”) vary substantially among themselves and
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that their regular sequence is often interrupted by other, distinct. events. In particular. the
latter events, which could represent structure breakdowns or mergings. introduce shifts in
the spacing of consecutive structures and thus obscure their periodicity. The increasing
intensity of small-scale turbulence at larger gaps further weakens the periodic appearance
of velocity correlations. The differences in the appearance of the v and w correlations is
compatible with the velocity pattern in the field of a sequence of vortices. centred at or near
the symmetry plane. The above limitations notwithstanding, the spatial correlations in
Figurc 8.20 had a striking feature: they remained high over a relatively long distance, much
longer than the expected size of conventional turbulent cddics.

The presence of convected. organized structures is better scen in the space-time
corrclations presented in Figure 8.21, in which both probes were located on the centreplane.
The R,,,. in particular, exhibited correlation peaks larger than 0.90, which did not decay
appreciably, even with streamwise probe separation as large as Ax/D=6 (not shown in
Figure 8.21). This contrasts with spacc-time correlations in non-coherent turbulent shear
flows (c.g. sce Tavoularis and Corrsin, 1981), which decrease at a fast ratc. A mecasurable
correlation peak of about 0.20 was obscrved even for a probe separation of 43 D, with the
upstream probe at 10 D from the channel entrance. These results scem to indicate that
coherent structures formed close to the channel entrance and were convected downstream,
often with relatively small change in their features over the entirc channel length. The
average convection speed. U of these structures can be estimated from the above space-time
correlations as the ratio A/, of the strcamwisce probe separation over the time delay
corresponding to the maximum correlation. The typical plot of 4z, vs. Ax in Figure 8.22
Justifics this approach, as it clearly shows that these quantities were proportional. The use
of a convection speed permits the estimation of streamwise, two-point, space correlations
from corresponding single-point, time correlations, which are easier to measure. This is
achieved by multiplying the time shift in the single-point, time correlations by the
convection speed to obtain the streamwise separation. Thc accuracy of these estimates is
demonstrated in Figurc §.20. The above results will be further analyzed and discussed in the
following chapter.

Another set of measurcments that appeared to be useful was the mcasurement of

space-time correlations with the probes separated in the spanwise as well as the streamwise
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direction. A summary of such results, obtained with the fixed probe on the centreplane. and
making use of the convection speed to supplement the two-point measurements. is shown
in the form of iso-correlation contours in Figure 8.23. The increment in the spanwise spacing
of the probes was 4z = 0./D, while the streamwise increment. based on the convection
speed of U, = 7.9 m/s, was Ax = 0.078D. These results clearly prove the symmetry of the
mean flow about thc centreplanc. In addition. the R, contours seem to indicate the presence
of at least two structures with similar features, with an average streamwisc spacing of about
2.1 D, for the case presented in that figure. Additional two-point, space-time correlations
were taken with the fixed probe positioned off-centre. For example. Figure 8.24 shows that
R,. corrclations pcaked at time differences consistent with the concept of convected
structures. The main peaks were positive or negative depending on the position of the fixed
probe and the spanwise spacing of the probes. One may be tempted to usc these results. in
conjunction with a physical model of the dominant structures, in order to estimate the spatial
features of these structures. At the same time, it must be recognized that correlation results
could actually mask the distinct features of individual structures, as they arc produced by
indiscriminate averaging of all events. The measurements presented in the next section are
designed to better distinguish and isolate the organized structures and give more detailed

information on their featurcs.

8.3.4 Conditional Sampling Measurements

The conditional sampling technique employed in this work is based on the Variable
[nterval Time Averaging (VITA) technique. [t was introduced in Chapter 7, along with a
mcthod developed in the course of this study to enhance its educed signals.

Two probes were used for these measurements. A triggering probe, which was a
cross-wire of the boundary layer type. and the measuring probe, which was the three-sensor
probe. The triggering probe was placed at a fixed position in the centre of the gap. 300 mm
(approximately 3 rod diamcters) upstrecam of the measuring probe. which was traversed
according to the grid shown in Figure 8.5.

Basic testing of thc technique was dcscribed in Chapter 7. Further tests were

performed by inspecting the technique's results for the following situations. First, the
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triggering probe was placed in a region of the flow where coherent structures are known not
to be mcasurable and the measuring probe was traversed at a few positions close and away
from the gap. Then. the triggering probe was positioned again at the centre of the gap and
the measuring probe was placed in the upper half of the channel, away from the flow region
where cohcrent structures are present. In both situations, no cohcrence could be seen in the
obtained ensemble averages. which indicates that the technique would not detect false
organized structures.

The educed signals obtained by the VITA tcchnique were also compared, for few
points in the gap region. to the results of the Window Averagc Gradient (WAG) conditional
sampling tcchnique (Bisset et al [1990]). Both techniques yielded comparable ensemble
averages. but also some phase difference, due to the difference in the detected time of arrival
of the structures.

Depending on the information to be extracted, the results of the conditional sampling
measurements will be presented according to either the triple decomposition or the double
decomposition. defined in Chapter 4. Samples of the educed ensemble averages of the
velocity vector, i.c. its coherent components according to the triple decomposition. are
shown in Figure 8.25. All samples have the same phase relationship with the detection time.
It can be seen that the largest variation of the spanwise coherent velocity component is in
the region close to the centre of the gap, while the variation of the strcamwise coherent
velocity component has cssentially the same magnitude up to 0.6 D from the channel
centerline, but a changing phasc difference from the spanwisc component. Also, these two
componcents are nearly in-phase for negative z and out-of-phase for positive z values. The
transverse coherent velocity component is essentially zero close to the gap centre; it has a
definite variation, though smaller than the variation of the other two components. at
distances around 0.6D, becoming stronger with distance from the bottom channel wall.
These will be further analysed in the next chapter.

First, the educed signals. obtained without applying the enhancement method. are
considered. These arc used for the presentation of overall features of the structures, namely
their shapes, spatial locations and positions relative to each other. The rationale behind this
choice resides in the fact that, as indicated in Chapter 7. the enhancement mcthod yields

stronger. clearcr, less attenuated. ensemble averages for the detected vortex but severely
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attcnuated averages for the preceding and subsequent vortices. For this reason. the
enhancement method will be applied only to the properties of a single vortex.

The estimated convective speed of the structures was used to convert the time
differences into streamwise distances and obtain the thrce-dimensional coherent velocity
ficld. The validity of this assumption cven for large time diffcrences can be justified based
on the results of the two-point correlation discussed earlier (Figure 8.20). The latter
indicated that coherent structures were convected downstream relatively unchanged. The
obtained three-dimensional coherent velocity field is shown in the form of iso-surface
contours, for each of the threc coherent velocity components, in Figures 8.26 to 8.28; the
same ficld is visualized in Figure 8.29 by software-generated pathlines (using the TECPLOT
software, by Amtec Engineering Inc.), obtained by integrating the three dimensional
velocities of hypothetical particles, starting at spccified spatial positions. [n Figure 8.29, the
streamwise velocity at each point is obtained by subtracting the convective speed of the
structures from the value of the coherent velocity. according to the double decomposition.
Therefore, the visualized flow field of Figure 8.29 represents an average scquence of
vortices as scen by an observer travelling with a speed equal to the convective speed of the
structures. [t can be seen that the sections of the structures occupying the gap region are
very elongated vortices, which cross the gap and extend well into the open subchannel where
they curve upward. away from the centreplane. A cross-section of the above flow field at a
height equal to half the gap width is shown as a vector plot and visualized by software
generated pathlines in Figure 8.30. The pathlines clearly indicate the presence of a street of
counter-rotating vortices. alternating on cach side of the gap centreplanc. The streamwise
spacing of the vortices is the same as obtained from the two point corrclations of Figure
8.23. i.e. about 2.1D for the case of W/D = 1.100. The spanwise spacing of the centres of
the structures, based on Figure 8.30, is roughly equal to one rod diameter. However, these
vortices are clearly three-dimensional and one has to be cautious in determining the spacing
of threc-dimensional vortices from a two-dimensional cross-section, as these distances
represent the spacing of vortices in the plane of the cross-section and not necessarily the
spacing of the axes of the vortices. The latter can be inclined and. therefore, cross-sections
at different heights would show different spanwise spacings of the vortex centres.

The detailed propertics of the vortices will now be considered, based on the results
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of the enhanced VITA. According to this method. the time scalc and, conscquently, the
streamwisc distances are adjusted by the expansion/contraction factor. a. defined in Chapter
7. Instead of adjusting cach of the obtained traces separately, the adjustment is performed
for all the phasc averages using the average value. &, . over all detected vortices. which
numbered about 110,000. This value was also used to calculate the standard deviation, o,
and the probability density function (pdf) of the expansion/contraction factor, . It was
found that o, = 0.284¢

average®

Figure 8.31 shows that the obtained pdf of « can be
approximated rcasonably well by the pdf of a normal random variable. The resoiution for
awas a,/10. For practical purposes. limits were imposed on the cxtreme values of @ in the
search algorithm at «,,,,,..-30, and «,,,,,..+20,.

When comparing the conditionally averaged coherent velocities obtained by the
VITA technique (Figure 8.25) with those obtained by the enhanced VITA technique (Figure
8.32), it is obvious that, for positions close to the gap centre, the former technique fails to
detect a peak in the streamwise coherent velocity. This can be explained by the fact that the
VITA technique, when ensemble averaging, does not take into account the size variations
of the structures or their slight misalignment, thus leading to the averaging-out of some of
their details. Away from the gap centre, the coherent velocity traces, obtained by both
techniques exhibit similar variation trends, although those obtained by the enhanced VITA
show less attenuation in amplitude.

From the definition of the triple decomposition (see Chapter 4). the mean of any flow
quantity is equal to the mean according to the Reynolds decomposition. Therefore, Figure
8.6 also represents the mean defined by the triple decomposition.

The phase-average of any quantity is obtained by ensemble averaging its
instantancous values obtained from the educed signals of the enhanced VITA technique. The
relations between the phase-averages of different terms have been introduced in Chapter 4.
Using these relations, onc can obtain quantities that could not be calculated directly by
ensemblc averaging. namely the phasc-averages of the normal and shear stresses of the
incoherent velocity components. For example. onc can obtain the phasc-average of the
incoherent streamwise normal stress (i.¢ the squarc of the incohcrent streamwise velocity),
<u,*>, by subtracting the square of the coherent streamwise velocity. (U)°. from <(U-U)*>.

Figures 8.33 to 8.36 present contours of the coherent velocity components and their
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corresponding coherent and incohercnt components of the normal and shear stresses in the
plane at a height y equal to half the gap width from the bottom wall. In this plane, the values
and variations of the V component and its corresponding stresses were appreciably smaller
than the corresponding quantities of Figures 8.33 to 8.36. For this reason, the former were
not presented in contour form. but instead, samples, for few measuring positions.
of <(U-DY(W-W)> . <(U-O)(V-V)> and <(V-V)(W-W)> areshown in Figures

8.37 to 8.39, where Figurc 8.37 is included for comparison purposcs.

The terms U, U, are evaluated by integrating the product .U over a period
corresponding to the passage of two vortices. This is achieved in practice by performing the

integral between two minima of the spanwise coherent velocity component. The incoherent

stresses ;”Trj are obtained from the difference between U,U; and the corresponding
Reynolds-averaged stresses (sce Chapter 4). All of these time-averaged stresses are presented
in Figures 8.40 and 8.41.

All of the above phase-averages and time-averages will be examined in the next
chapter with the scope of describing the cohcrent and incoherent velocity fields and

characterizing the additional terms contained in Equations 6. 7 and 8 of Chapter 4.
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Analysis and Discussion of Results

9.1 Reynolds-Averaged Flow Characteristics

Direct comparison of the present measurements with results obtained in similar
channel geometries is not possible. due to the lack of such studies in the literature. Instead.
qualitative comparisons will be performed with flows in closely related geemetries. Some
quantitative comparisons will also be presented with turbulent flows in these geometries and
in reference gecometries such as circular pipes and rectangular channels.

Away from the rod. the isotachs (Figure 8.6) followed patterns comparable to those
in rectangular channel flows. This was also the case for the rms axial turbulent velocity
(Figure 8.8). The local axial turbulent intensity was about 10% close to the walls and about
4% in the rcgion half way betwcen the top corner and the rod surface, comparable to typical
values for fully developed turbulent flows in rectangular channels (Hussain and Reynolds
[1975]) and circular pipes (Laufer [1954]). Near the top corner, the transverse and spanwise
turbulent intensity levels were typically about 5%. comparable to the levels measured in
rectangular ducts by Melling and Whitelaw [1976]. In the nearly square channel of Melling

and Whitelaw [1976]. the transverse and spanwise rms velocity fluctuations were the mirror
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images of each other with respect to the corner bisector. A tendency towards such
"symmetry” can be discerncd from Figures 8.9 and 8.10 but only very close to the top
corner. In particular, the values of the transverse rms velocity close to the top channel wall
(respectively side wall) were comparable to those of the spanwisc rms velocity close to the
side wall (respectively top wall); however, the shapes of the contours, especially away from
the corner, were measurably different. These differences can be attributed to the asymmetry
of the rectangular channel with respect to the comer biscctor, and also to the presence of the
rod, which introduces additional geometrical asymmetry. This effect was more marked in
the bottom comer of the channel, which was influenced more by the presence of the rod.

Perfect symmetry requires that the wv and uw turbulent shear stresses should be
cqual in magnitude and oppositc in sign at points symmetrically located with respect to the
corner biscctor. Again, it can be seen (Figures 8.12 and 8.13) that, for the present flow
situation, this was approximately the case in the top corner but not in the bottom corner of
the channel.

Closc to the top and side walls of the channel. isocontours of the three turbulent shear
stresses were similar to thosc in rectangular channels (Figures 8.12 to 8.14). The effects of
sccondary flows are clearly noticeable in the bulging of the contours towards the corners of
the channel. The corresponding corrclation coefficients (Figures 8.15 to 8.17) had
magnitudes comparable to thosc in circular pipe flows (Laufer. 1954), i.e. near 0.4
for uv/u’v’ and uw/u'w’ in the vicinity of respectively the top and side walls. The third
correlation cocfficient, vw/v/w’ ., was cssentially zcro close to the channel walls. Towards
the bottom wall, the dominant shear stress correlation coefficient, uv/u’v’ . was much
lower than towards the top wall. and the shape of its contours was clearly affected by the
presence of the rod.

[n the vicinity of the rod-wall gap. the bulging of the isotachs (Figures 8.6 and 8.7)
towards the gap was similar to the obscrved bulging in the measurements of Rehme [1979]
in wall and corner subchannels. Away from the gap. the rather open aspect of the present
channel resulted in a different flow distribution. The same peculiar contours of the rms axial
turbulent velocity, as in the many mcasurements rcported by Rehme for comparable P/D and
W/D ratios, arc seen in Figures 8.7 and 8.8. In the present flow configuration, because of the

larger distance between the rod and the side wall, the region of maximum rms axial turbulent
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velocity was further out into the subchanncl than that in Rehme's results (for example
Rehme, 1989). The peculiarity of the distributions of the three rms turbulent velocities will
be further discussed in the next section in the context of the large scale structures present in
the gap region and in an attempt to develop a physical model for these structures. In general.
the level of the three rms turbulent velocities and of the turbulent kinctic energy were
notably higher in the gap region than in the core of circular pipe flow. Moreover. in the gap
region, in contrast with the remainder of the channel, the partition of the turbulent kinetic
cnergy to its components ﬁ v2 and w? . was significantly different from that in pipe
flow (Figures 9.1 to 9.3). For the circular pipe flow away from the walls, the axial normal
stress contains half of the total encrgy. while the other two components account for
approximately one quarter cach (Lawn. 1971). In the position of maximum rms axial
turbulent velocity., i.c. halfway between the subchannel center and the gap center. the axial
normal stress amounted to 0.70 of the total. while the contributions of the transverse and
spanwise components were respectively 0.12 and 0.18 of the total. In the centre of the gap,
however, the u> and w? stresses had comparable contributions, while v? further
diminished.  Typical values at zD=0 were u2/2k=0.44 . v*/2k=0.07
and w¥2k=0.49 . This last value matches the value measured by Hooper and Wood
[1984] at the center of a rod-rod gap of a square pitched rod bundlc array with P/D=1.107.
[n the gap region, the maxima of the uv and uw stresses were located at the same
positions as the axial turbulent intensity maxima, namely halfway between the subchannel
centre and the gap centre. The vw stress, on the other hand, had a contour distribution
similar to the distribution of the v’ turbulent intensity. The correlation coefficient contours
had the same shapes as those of the corresponding shear stresses, with values of uv/u’v’
and uw/u'w’ lower than typical values in pipe flow. All of these factors infer collectively
that turbulence transport in the gap region was not controlled by the "wall-turbulence", but
rather by thc same phenomenon that gencrates the peculiar high rms turbulent velocity
distributions. It is to bc noted that the high values of the vw/v’w’ correlation close to the
red can be explained in part by the curvature of the rod surface in the y-z plane. It is only the
high-valued concentric contours, located at approximately half a diameter from the bottom
wall, close to the wall and facing the open flow region (i.e. near the location of the v’

maximum), that are associated with the above phenomenon. It will be shown in section 9.3
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that this phenomenon is the formation of coherent structures in the gap region.

9.2 Implications about Secondary Flows

As indicated in the previous chapter. the magnitudes of thc measured secondary
velocitics were comparablc to the measuring uncertainty. This relatively large uncertainty
precludes any direct measurement of secondary currents, whose cxistence and patterns can.
however, be inferred from other measured quantities.

All of the measurcments presented above are consistent with the formation of
secondary flow patterns near the corners of the rectangular channel. A further verification
of this fact can be achicved by examining the production terms for the secondary flows

(Equation 13 of Chapter 2). The first of these two terms is

s=| - | W 1)
dy? az?
and the second is
=S (- @
- dyaz

The difference (?-F) appearing in S, is presented in Figure 9.4. By comparison to the
variation of vw , namely the term appearing in S, (Figure 8.14), the variation of this
differcnce is much larger in the corner regions, which implies that S, would likely be
ncgligibly small compared to S, . Therefore, the dominant term in the production of
secondary motion is the gradient of the normal stress difference in the plane perpendicular
to the main flow direction, S, in agreement with previous studies (Brundrett and Baines.
1964, and Haque et al, 1983). Furthermore, the sign of the difference (ﬁ—F) is consistent
with the measurements of Brundrett and Baines [1964]. implying that the direction of the
flow circulation in each of the secondary flow cells would likely be as indicated by
Brundrett and Baincs [1964]. namely away from the comer. along the walls, and towards the
commer, along the line separating the two cells.

Having cstablishcd some confidence in the measurements of Figures 8.14 and 9.4,
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onc may try to infer, based on thesc mcasurements. information about sccondary flows in
the gap region.

Although the measured ¥ and W velocities are not sufficiently accurate, it was noted
that these velocities were generally smaller close to the rod than close to the corners of the
rectangular channcl. This implies. with some reservations. that the secondary motion in the
gap region has a rclatively small magnitude. compared to that in the corner regions. An
additional evidence of the reduced magnitude of the sccondary motion can be obtained by
qualitative inspection of the variations of the quantities appearing in the production terms
S, and S, (Figures 8.14 and 9.4). [t is scen that most of the contours of Figurc 9.4, in the
region close to the rod. are essentially parallel either to the y-axis or to the z-axis, which
implies that S, would be essentially zero in this region. The sccondary motion would be,
then. produced mostly by the S, term and. more precisely. by the variation of vw in the z-
direction, as most contours of Figure 8.14 are nearly parallel to the y-axis in the gap region.
Qualitatively, one may conclude that there is no evidence for the formation of secondary
flows that would be strong enough to dominate flow phenomena in the gap. In addition to
this, as noted in section 8.2. the distributions of the rms turbulent velocitics, especially v .
and the turbulent kinetic energy are incompatible with the presence of strong secondary
flows in the gap region. Most of the inference of strong secondary motion. found in earlier
literature on flows in rod bundles, are speculations based on the strong bulging of the
isotachs towards the center of the gaps. In fact, most attempts to measure directly thesc
secondary velocities were inconclusive (see for example Kjellstrom [1974] and Carajilescov
and Todreas [1976]).

The intent of the above analysis was to cxamine whether one can justify the
formation of strong sccondary flows in the gap region based on Reynolds-averaged
measurcments. It was shown that this is not the case. Furthermore. considering the effects
of the large scale structures, the use of Reynolds-averaged secondary flow production terms
in the gap rcgion becomes questionable, because this approach smears out the typical

features of quasi-periodic velocity variations.
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9.3 Coherent Structure Characteristics

The present measurements have further documented the previously known fact that
organized. quasi-periodic, vortical structures form in the vicinity of the narrow gap of rod
bundles as well as in a variety of similar configurations.

For an incorporation of the effects of these structures into a practical model, one
should like to estimate their shapes, strengths, orientations and lateral extents as well as their
dependence on the channel gcometry and the Reynolds number. This task, however. turns
out to be quite onerous. First of all, because of the narrowness of the passage. these
structures arc strongly threc-dimensional and the motions induced by them would be non-
axisymmetric and non-planar, as they turn around the structure axis and extend out of the
gap towards cither of the open subchannels. In light of these observations. it is clear that a
full documentation of these structures requires simultancous threc-component velocity
measurements. In addition, flow visualization (Scction 8.3.1) revealed the presence of
frequency irregularities and occasional jitter of the structurcs. which would distort
conventiooal two-point velocity correlations. Nevertheless. extensive two-point correlations
were performed at first and, although somec of these results werc superseded by the
conditional sampling results, they are discussed here as they provide information about the
spacing and convection speeds of the structures for different gaps, while conditional

sampling was carried out for one gap size only.

9.3.1 Spacing and Convection Speed of Structures

The only features of the structures that can be estimated with relative confidence,
based on the two-point corrclation measurements, are their average convection speed. U. .
and their average streamwisc spacing, 4. U, . computed from the peaks of space-time
correlations, decreased significantly with diminishing gap width (Figure 9.5) and approached
an asymptote at W/D > 1.25. For rough purposes. onc may approximate its variation by the

fitted exponential curve
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The convection speed had values intermediate between the maximum mean speed in the
neighbouring open subchannel and the mean speed in the gap centre. The streamwise
spacing between two consccutive structures could be estimated as half the "wavelength” of

the oscillations in the spatial velocity corrclations or. alternatively, as

W @
f

where fis the frequency of the oscillations, estimated from the peak in the measured power
spectra. Both approaches became increasingly uncertain as the gap width increased. Within
the narrow range 1.025<#W/D< 1.100. the vortex spacing obtained in this manner seems to

vary linearly with gap width (Figure 9.6) as

2187 63 )
D D

This is in agreement with Méller's [1991] findings that the inversc of the Strouhal number
varies linearly with gap size (note that the Strouhal number is proportional to the frequency
and inversely proportional to a characteristic velocity. and it is thercfore inversely
proportional to 1).

[n the above analysis. it has been implicitly assumed. by analogy to two-dimensional
wakces and mixing layers, that the vortex spacing is independent of the Reynolds number,
at least within the ranges of the available rod bundle experiments. The validity of this
assumption remains to be tested in the future although there is evidence that it holds for
closely rclated geometrics. In fact, Meyer and Rehme [1995] confirmed that in compound
channels equipped with slots the axial vortex spacing is a function of the gcometry and
independent of the Reynolds number.

To help interpret the two-point correlation measurements, we have examined the
fields of various arrays of two-dimensional vortices, for example a strect of counter-rotating,

"potential” vortices being convected with a constant velocity, U.. Both the case with the
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axes of consecutive vortices on the centreplane and the case with these axes symmetrically
iocated with respect to the gap centreplane were considered. Each of these fields produced
certain correlations that werc similar to the mcasured ones but also correlations that were
incompatible with the measurements. In conclusion. we were unable to formulate a simple
physical model of coherent structures that is consistent in all its features with the two-point
correlations. Additional measurements to be discussed in the next section will clarify this

issue.

9.3.2 Conditionally Sampled Measurements

The results of the conditionally sampled mcasurements will be used primarily to
construct a physical model of the structures. Representations of the flow field. such as those
in Figures 8.29 and 8.30, though very useful in visualizing an otherwisc complicated three-
dimensional flow structure. cannot be relied upon to estimate the shape of the structures. The
same limitations as those discussed in Section 8.3.1 for the flow visualization apply to the
software generated pathlines. Contours of the coherent velocity components, such as the
ones shown in Figures 8.26 to 8.28. are not helpful in identifying the coherent structure
boundaries (Hussain, 1983). For these rcasons. the discussion below will be based mostly

on the cohercnt vorticity and the coherent velocity traces.

a) Coherent Vorticity Distribution

The three components of the coherent vorticity vector were calculated from the
coherent velocity field. according to the customary definition of vorticity. The derivatives
were evaluated by differentiating a polynomial fitted to typically 5 data points and centred
at the location of interest. The contours of Figures 9.7 to 9.9 are representative cross-sections
through constant vorticity iso-surfaces. Figure 9.7 shows a cross-section at a height equal
to half the gap width of the transverse coherent vorticity calculated according to both the
triple and doublc decompositions. Both contours confirm the presence of counter-rotating
vortices with centres alternating on cach side of the gap, consistently with the pathlines of

Figures 8.29 and 8.30. The direction of rotation, as indicated by the sign of the vorticity in
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the y dircction. is such that, at the vortex front, the structure would transport fluid from the
high velocity region towards the lower velocity region, i.c. the gap. This is in agreement
with the dircction of rotation of the coherent vortices that form in mixing layers. The
contours of the vorticity according to the double dccomposition are physically more
meaningful than those based on the triple decomposition. In fact. the former are a better
representation of the average flow field while the latter cannot approximate the
instantaneous vorticity distribution, because a significant part of the instantaneous vorticity
vector is generated by the velocity time-average gradient. However, it is desirable in some
instances, for simplicity of interpretation, to remove the contribution of the time-average
velocitics and separate the coherent and the time-average vorticities. This is notably the casc
of Figure 9.8, wherc a better physical insight is achieved by omitting the time-average
vorticity, which arises mostly from the high velocity gradicnt normal to the rod surface. The
vorticity contours in this figure clearly show the vortex to extend upward into the subchannel
and its size to decrease with increasing height. The successive cross-sections also show that
the streamwise position of the vortex centres is a function of height from the bottom wall,
which implies that the vortex axis is inclined in the x-y plane. Figure 9.9 shows cross-
sections through iso-surface contours of the spanwise coherent vorticity. When combined
with the transverse coherent vorticity. the latter confirms the upward curving of the vortex,
away from the centreplane, as previously obscrved in the pathlines of Figure 8.29. The
coherent streamwise vorticity was also calculated; however. its magnitude was small and no

perceptible patterns were obtained.

b) Coherent Velocity Traces

Before formulating a physical model of the structures. the relevant information
obtained above will be verified and complemented using the traces of the coherent velocity
components shown in Figures 8.25 and 8.32. However, the direct interpretation of these
velocity traces was revealed to be not an easy task. To help the interpretation. we have
examined the fields of two-dimensional. counter-rotating. potential vortices with different
shapes and different spatial configurations. The only vortex pattern that produced velocity

traces comparable to those of Figures 8.25 and 8.32. for -0.6< z/D < 0.6. is the pattern in
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which the cross-section of the vortices was set to be very clongated with an “ellipse-like”
shape and in which the vortices were arranged so that their centres alternated on each side
of the gap centerline with the major axis of the ellipse slightly inclined with respect to the
streamwisc direction. This inclination angle was estimated. based on the increasing time
delay for the arrival of the vortex with spanwise distance from the gap (Figure 8.32) and
using the convection speed of the structures to convert time differences into streamwisc
distances. to be around 28°. The above vortex pattern is compatible with the vorticity results
and the pathlines of Figures 8.29 and 8.30. However, as for the velocity traces, the
correspondence between the mecasurements and the examined vortex pattern was limited to
approximately the interval -0.6< 2D < 0.6 and at a height v equal to half the gap width. For
locations further away from the gap. it was observed that the measured coherent velocity
components were essentially zero in the x-z plane passing through the middle of the gap
(wD=0.050). but had a measurable variation for larger 3/D. The most striking characteristic,
in these regions of the flow, was the distinct variation of the transverse coherent velocity
componcnt, also apparent in the contours of Figure 8.27 (recall that the latter was essentially
zero close to the gap center). This variation became stronger with increasing distance from
the bottom wall. In addition to this. the transverse cohcrent velocity component was in-phase
with the spanwise coherent velocity for positive zZD and out-of-phase for negative z/D.
According to the direction of rotation of the vortices and the coordinate system used here,
the above observations indicate a gradual lifting out of the mid-gap planc of the “disk-like”
part of the vortex cross-scction present in the gap centre region. This can be also observed

in the pathlines of Figure 8.29.

c) Reconstruction of a Typical Structure

Following the above discussion, it is now possible to formulate a physical model for
the coherent structures that form in the gap between a rod and a plane wall. A schematic of
this model is shown in Figure 9.10. It consists of a street of three-dimensional counter-
rotating vortices with axes located. in an alternating sequence. on either side of the gap
centreplane. The vortices are elongated in the streamwise dircction with an cllipse-like cross-

section. [n the vicinity of the gap, the major axis of the ellipse forms an angle with the gap
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centreline approximatcly equal to 28°. The direction of rotation is such that. at its front. cach
vortex transports fluid from the open flow region towards the gap region and. at its rear. it
transports fluid from the gap to the open flow region. The vortices cross the gap and extend
well into the opposite subchannel. In order to illustrate the threc-dimensionality of the
structures, consider a streamline in a frame convected by the convection speed of the
structures and passing through a point. in the gap centreplanc, located on the perimeter of
the vortex cross-section. This streamline would be essentially two-dimensional in the
immediate vicinity of the gap and in a planc parallel to the channel bottom wall, while
curving upward away from the gap. As a vortex cannot end abruptly, it is speculated here
that cach vortex funnels at its two cnds into the boundary layer vorticity ncar the plane wall
or the rod surface, respectively. This hypothesis provides a continuous vortex tube with a
seif-consistent direction of rotation along its cntirc length.

One should emphasize at this point that the coherent structures are not deterministic.
[t was shown in the previous chapter that their sizes varied following a normal distribution.
Not accounted for in the above analysis is the variation of their spatial locations. Besides size
variations, one may also expect variations in the transverse and spanwisc positions of the

structurcs. Thesc variations have not yet been determined.
d) Effect of Coherent Structures on the Turbulent Velocity Contours

A further verification of the model can be performed by examining the distributions
of the rms turbulent velocities (Figures 8.8 to 8.10). This will also offer an explanation to
the peculiar contours of thesc quantities in the gap region. [t is to be noted that Reynolds
averaging docs not discriminate between velocity variations due to the presence of coherent
structures and incoherent turbulent velocity fluctuations. The large-scale coherent structures
have a much larger velocity variation than the small-scale turbulence. Thus, the coherent
structures are cxpected to have, in general, a relatively large contribution to the rms
turbulent velocities.

The specific effects of the vortices on the individual turbulent kinctic energy
components can be cstimated based on the following observations. For a vortex with an axis

in the transverse direction, the streamwise component of the vortex velocity is highest in the
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two regions close to each of the spanwisc edges of the vortex. The spanwise regions
intermediate between these two edges correspond to the region of relatively large values of
the spanwise component of the vortex velocity.

According to the above vortex model. close to the gap the vortex axis is nearly
parallel to the y axis, and the gap region is between the vortex axis and its spanwise edge.
Therefore, this region is expected to have the highest variation of the spanwise coherent
velocity component, This variation is sufficient to explain the strong bulging of the contours
of the rms spanwise turbulent velocity. w’. towards the gap.

The physical model of the structures also explains why the maximum &’ occurred at
locations between the gap and the subchannel centre. In fact. the location of maximum rms
streamwise turbulent velocity. «’. (Figure 8.8) corresponds, according to the model, to the
region close to the spanwise edge of the vortex. which is the region of highest variation of
the streamwise coherent velocity. The inclination of the contours of Figure 8.8 is consistent
with the upward curving of the streamlines discussed in the previous section. This upward
curving also explains why the maximum rms transverse turbulent velocity. v'. was at the
observed locations. Actually, as the streamline lifts upward, the transverse component of the

vortex velocity becomes relatively larger.
e) Effect of Coherent Structures on the Incoherent Turbulence

At this point it is worthwhile to examine any possible relationships between phase-
averaged and time-averaged. coherent and incoherent, normal and shear stresses (Figures
8.34 to 8.39). These are the additional terms that appear in the time-averaged. phase-
averaged and instantancous momentum cquations when using the triple-decomposition
(Equations 6. 7 and 8 of Chapter 4). A comparison of the contour lcvels of Figures 8.34 and
8.35 indicates that, over the region occupicd by the structure, the magnitude of <u,°> often
exceeds that of (U)°, while <w”> is mostly constant in the strcamwise direction and smaller
than (W) . Furthermore, it is secn that most of <u,’> activity occurs in regions where the
coherent velocity undergoes a local acceleration or deceleration (the regions of closely
spaced contours in Figure 8.33). This indicates that the added shear. resulting from the

passage of a vortex, is responsible for the production of additional incoherent turbulence.
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The phase-average shear stresses (Figure 8.36) corroborate the above statement. In fact. the
local maxima of the incoherent shear stress <u,w,>, which have values comparable to thosc
of the maxima of the corresponding coherent stress, also coincide with the locations of sharp

varations of the coherent velocities.
b) Incoherent Turbulence Structure

The contributions of the coherent and incoherent normal and shear stresses to the
time-averaged quantities are now considered. Figure 8.40 shows F 33 and _W—/Z along
with the corresponding Reynolds-averaged normal stresses. The normal coherent transverse
stress, -t? . 18 essentially equal to zcro. This is in agreement with the earlier observation
that there was no measurable coherent component of the transverse velocity in the planc at
vequal to half the gap width. ? and F seem to have vanation trends similar to those
of the corrcsponding Reynolds-averaged normal stresses. This suggests that the
corresponding incoherent normal stresses would be nearly constant. Figurc 8.40 shows that
these incoherent stresses have variations smaller than those of the corresponding Reynolds-
averaged stresses and diminish towards the gap centre. This can be explained by the
increased viscous damping near the narrow gap. A representative partition of the total
incoherent kinetic energy for the profile presented was u—,2/2kr=0.59 . ;,3/2kr=0. 14
'and -w_,2/2kr=0.27 . which nearly matches the partition close to the wall in pipe flows,
namely #%2k=0.57 . v%2k=0.16 and w%2k=0.27 (Lawn. 1971). This contrasts
with the corresponding partition of the Reynolds-averaged stresses. which was substantially
differcnt from that of pipe flow (Section 9.1). Similar observations can be made for the
time-average coherent shear stresses (Figure 8.41). The OV and VW shear stresses were
cssentially equal to zcro, while the variation trends of OW were the same as those of their
corresponding Reynolds-averaged normal stresses. Representative values of the incoherent
shear stress correlation coefficients for this profile were Tvr/(u,' v,/ )=-0.34 .

uw/(u/w/)=-0.179 and V. w/(v/w/)=0.08 . The value of the v /(u v]) shear
stress correlation coefficient is comparable to typical values in pipe flows i.e. near -0.4
(Laufer, 1954).

So. cven though the phasc-averaged incoherent stresses were found to depend on the
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coherent velocity ficld. the time-averaged incoherent turbulence structurc seems to match

that in pipe flows.

9.4 Reconfirmation of the Coherent Structures and an Explanation for

their Formation

[n closing, we should like to rcconsider the hypothesis that the flow patterns found
here can be formally classified as coherent structures. according to the established
definitions and to attempt to explain the mechanism that leads to their formation.

A coherent structure, according to Hussain [1983]. is a flow module with
instantancous phase-correlated vorticity. Although the instantaneous vorticity was not
measured in the present work, the usc of a triggering probe at a fixed position permitted the
phase-alignment of all conditionally sampled measurements. The observed presence of
significant non-zero vorticity in the conditionally averaged flow field is deemed to be
sufficient evidence of the presence of instantaneous phase-correlated vorticity in the studied
flow.

The present patterns also conform with the description of coherent structures given
by Berkooz ct al [1993]. as they repeatedly appear in the flow as evidenced. for example.
by the velocity traces (Figure 8.18). The two-point correlations and the conditionally
sampled measurements demonstrate that these structures posses:e organized spatial features.
Similarly. it can be easily seen that the definitions of Perry and Stull. cited in Chapter 4,
apply to the structures present in the gap region.

Finally. it can be demonstrated that the present structures also conform with the
definition of coherent vortices given by Lesieur [1997]. The pathlines of Figure 8.29 and the
vorticity contours of Figures 9.7 to 9.9 show that the fluid trajectories wound around regions
where there was coherent vorticity concentration (condition 1). The consistently high
velocity correlation, even for streamwise spacings of the probes as large as several times the
cstimated size of the vortices, is a proof that condition 2 is satisfied. Eventhough no direct
measurements have been conducted to establish or refute the fulfilment of condition 3 of
Lesicur’s definition, it can be implied, based on the randomness of the structures sizes

(Figure 8.31) that they are sensitive to small perturbations in the initial conditions.
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[n conclusion, all indications confirm that the large-scale structures documented here
can be formally classified as coherent structures. Having established that. one is challenged
to articulatc a rational cxplanation of the physical processes that lead to their formation. The
only available explanations have been put forward by Hooper and Rehme [1984] and by
Moller [1991], which associate these structures with incompressible parallel-channel
instabilities, triggered by random turbulent motions. This explanation is not entirely clear
and, in fact, it may not even apply to certain configurations, such as the single-rod near an
infinitc wall casc, nor does it explain the formation of quasi-laminar coherent structures at
low Reynolds numbers. A different explanation is proposed here, which relates the near-gap
structures to the well-documented. quasi-two-dimensional vortices that form in two-
dimensional mixing layers. under a variety of conditions. including both laminar and
turbulent flows.

One may consider the ncar-gap vortices as forming in the mixing layer between the
high-speed flow in the open subchannel core and the low-speed flow near the gap. Not only
is the sense of rotation of the vortices found here compatible with this hypothesis. but also
their spacing and convective speed are comparable to those in mixing layers, despite the
obvious differences in the two configurations. For example. Tavoularis and Corrsin [1987]
defined the maximum vorticity length, /, in two-dimensional mixing layers. as the inverse
of the maximum velocity derivative in the transverse direction and found that their
measurcments and results compiled from available literaturc gave 3.4 < A/ < 4.3. The ratio
of the spacing measured here between structures for #/D=1.100 and a very crude estimate
of [ based on the velocity variation along a curve connecting the velocity minima and
maxima gave a value near 4, well within the mixing layer range. The convective speed of
the near-gap structures was also found to be intermediate between the minimum speed in the
gap and the higher level in the subscquent subchannel core; in mixing layers, the convective
speed of the coherent structures is comparable to the average speed.

The mixing layer analogy is sufficient to predict the formation of two sequences of
vortices on either side of the gap. but not the cross-channel mixing. The communication
between the two subchannels through the gap opening permits both pressure adjustment and
cross-flow. The organized staggering of the two vortex sequences is strongly reminiscent

of thc von Karman vortex shedding pattern that forms in the wake of circular cylinders. in
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which boundary layer separation and vortex detachment on one side intcract with those on
the other side through the continuous pressure field around the cylinder. The relative
spacing of wake vortices is also compatible with the near-gap vortex spacing. Therefore,
it seems plausible to assume that the two vortex sequences across the gap interact in such a
way that their induced velocities and pressure fields reinforce. rather than oppose, each
other, with the result that cach vortex is filling some space between two vortices of the
opposite sequence, across the gap, as in the observed patterns. Obviously. more detailed
analysis and measurements are required to completely resolve these issues. but the tentative

success of the above hypotheses encourages such an undertaking.
9.5 Implications on Heat Transfer and Mixing in the Gap

The coherent structures and the large-scale transport associated with them have a
significant effect on the local heat transfer in the gap and on the intersubchannel mixing, as
this depends largely on the flow through the gap region.

The coherent structures have been demonstrated to be large-scale, three-dimensional,
vortical structures with axes located alternately on either side of the gap plane of symmetry.
These vortices induce fluid motion from the core of one subchannel, across the gap and well
into the opposite subchannel. Unlike small-scale turbulence, coherent structures transport
momentum and heat over large distances. replenishing the warm fluid in the gap region with
relatively cooler fluid from the open flow region, and thus capable of extracting more heat
from the rod surface. Also, the crossing of the gap by the large scale structures tends to
reducc differences between flow velocities and temperatures within the two subchannels. It
is therefore evident that the presence of coherent structures in the gap region enhances
appreciably the local heat transfer in the gap and the intersubchannel mixing. However, this
alone cannot explain entirely the insensitivity of the local friction factor and heat transfer
coefficicnt to the gap size. The aim of the arguments presented below is to offer such an
explanation based on the coherent structures results.

There arc four factors that can influence the effects of coherent structures on the local
heat transfer in the gap and on the intersubchannel mixing. Thesc are the strength, the

spacing, the convection speed and the lateral cxtent of the vortices. The variation of the
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former threc factors as a function of the gap width can be cvaluated based on the present
measurements. However, the lateral extent of the vortices for different gap sizes is yet to be
determined. For the sake of the discussion below, it will be assumed that, for a given channecl
shape, this lateral extent remains essentially the same when the gap size varies. This is a
conservative assumption as far as the transport by coherent structures is concerned. because
a reduction in gap width would likely broaden the region of significant mecan velocity
variation, resulting in structures that would extend decper into the subchannel core.

There are indications in the measurements that the vortices become stronger as the
gap size diminishes. This can be, for example, implied from the increasing peaks in the
spanwisc velocity spectra as the gap width decreased (Figure 8.19). The fact that the mean
streamwise velocity in the gap diminishes when the gap width is decreased further
accentuates the coherent transport between the gap region and the subchannel centre. To
illustrate this last remark, consider the motion of a fluid particle in the gap region. The larger
the ratio between the spanwise and streamwisc velocities, the longer this particle would be
able to circulate around the vortex axis before being washed out of the channel.

[t was shown earlier that the spacing of the structures. over a certain range, varied
linearly with the gap width (Figure 9.6). i.e. a decrease in gap width resulted in a more
closely spaced array of vortices. Therefore, there would be. at any time, a larger number
of vortices per unit length along the channel. Knowing that these vortices act as flow cells
bringing fluid from the subchannel centre towards the gap region. an increase in their
number along the gap would tend to produce more mixing, lower fluid temperatures in the
gap region and higher local heat transfer rates. In addition to this, the convection speed of
the structures was observed to decrease with smaller gap widths (Figure 9.5). Using the same
reasoning as in the previous paragraph, it can be scen that this results in even more lateral
transport.

[n summary, all of the above factors add up to somewhat counteract and compensate
for the decrease in heat transfer, due to the lower mean velocities in the gap region. and the
decrease in intersubchannel mixing, due to the reduced cross-scctional arca between the
subchannels. It is this compensating effect of the coherent structures that explains the
relative insensitivity of the intersubchannel mixing to the gap size, and the relatively smaller

heat transfer variation in narrow gaps compared to the variation predicted by turbulence
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models based on isotropic eddy diffusivities. It is speculated here that the gap size below
which the heat transfer and the mixing start to effectively decrease is the gap width for
which viscous effects become important enough to hinder the coherent structures from
crossing the gap. Because no experiments were presently performed with sufficiently narrow

gaps, the latter hypothesis remains to be tested.
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10

Conclusions and Recommendations for Further Research

10.1 Conclusions

The focus of the present study was the detailed characteristics of turbulent flow and

heat transfer near narrow gaps of rod bundles. Its main accomplishments are as follows.

l.

Practical empirical correlations were cstablished for the subchannel average and the
gap local heat transfer coefficients, based on experimental results available in the
literature. They confirmed the weak dependence, compared to what one would
expect based on turbulent diffusion alone, of the local heat transfer coefficient on the
gap width .

A new technique. using a pendulum, for the calibration of hot-wire anemometers
over low velocity ranges was developed.

A method for the enhancement of the results of the Variable Interval Time Average
(VITA) conditional sampling tcchnique was developed. The method not only
cnhanced the obtained ensemble averages. but also removed one of the major
disadvantages of the VITA technique, its dependence on the threshold value.

The main part of the work consisted of an experimental investigation of the turbulent

flow in a rectangular channel containing a circular rod. in an attempt to explain the
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heat transfer relative insensitivity to the gap width. The key conclusions of this
experimental investigation are listed below.

The measured distinct distributions of the rms turbulent velocities and the turbulent
shear stresses in the gap region indicate that the flow structure near the gap is far
from typical "wall-turbulence”.

The distributions of the rms turbulent velocities and the turbulent shear stresses in
the gap region were shown to be incompatible with the sole effects of secondary
flows. In fact. the present measurcments show no evidence of strong sccondary flows
in the gap region.

The dominant flow patterns in the gap region were found to be large-scale. quasi-
periodic. vortical structures. which were classified as coherent structures. These
structures were scen to occur even for laminar flows.

The coherent structures were likely due to the strong mean velocity differences
between the open subchannel and the gap region. Previous explanations based on
incompressible parallel-channel instabilities were not supported by the present
results.

A physical model of the coherent structures was formulated based on the
mcasurements. [t consists of a street of three-dimensional counter-rotating vortices
with axes alternating on each side of the gap centreplane. The direction of rotation
is such that the vortex front transports fluid from thc open flow region towards the
gap region. The vortical motions cross the gap and extend well into the opposite
subchannel. In the immediate vicinity of the gap. the vortices are essentially two-
dimensional and parallel to the channel plane wall. Away from the gap, the vortex
perimeters curve around the rod. It was speculated. based on physical arguments.
that the vortices funnel into the wall vorticity.

The average convection speed. U.. and the average streamwisc spacing. A. of these
structurcs were determined as a function of the gap width. The average convection
speed was found to have a value intermediate between the maximum mean speed in
the neighbouring open subchannel and the mean speed in the gap centre. It decreased
significantly with diminishing gap width and approached an asymptote for #/D >

1.25. For rough purposes, its variation could be approximated by a fitted
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exponential curve. The vortex spacing seemed to incrcase linearly with increasing
gap width in the range 1.25 < W/D < 1.100.

® These structures were shown to vary in size. They were approximated by a normal
distribution having a standard deviation equal to 0.284 the average size.

° The phase-averaged and the time-averaged coherent and incoherent normal and shear
stresses werce presented for the gap region and their relative contributions to the
Reynolds-averaged stresses were discussed.

° The phasc-averaged incoherent stresses were found to depend on the coherent
velocity field. However, the time-averaged incoherent stresses seem to match those
in typical wall turbulence.

° The dependence of the intersubchannel mixing and the local heat transfer coefficient
on the gap size were explained as a result of the presence of coherent structures in

the gap region.

16.2 Recommendations for Further Research

The present work offered a good first step in characterizing the coherent structures
that form in narrow gaps. A logical continuation of this work would be to perform
experiments in rod bundles and other compound channels. in which the flow dynamical and
geometrical parameters. including the channel shape, the gap width and the Reynolds
number, would be systematically varied in order to determine their effects on the coherent
structures. The role of the coherent structures in heat transport can also be evaluated by
specially designed heated flow experiments.

On the theoretical side, it would be useful to develop quantitative models of the
coherent structures and their effects. and to incorporate them in empirical correlations. for
the intersubchannel mixing and the local heat transfer. and CFD codes. The Large Eddy
Simulation (LES) numerical approach seems to be well suited to accommodate the effects
of coherent structures. As an alternative, one may also contemplate the use finite element
discretization in which the incoherent turbulence would be modelled the usual way and the

coherent field would be superimposed on it as initial/boundary conditions.
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Tabie 2.1: Summary of computational investigations of rod bundie flows

Pt atrn e

Bender & Switick

1968

! Author(s) Year eodel 7 Technique

Zero-Equation Model (ZEM),
mixing length hypothesis

Finite difference

Eifler & Nijsing

1973

ZEM, prescribed radial profiles and
azimuthal eddy diffusivities

Velasco code

Meyder

1975

ZEM, mixing length hypothesis,
isotropic and anisotropic eddy
diffusivities

Finite difference
(curvilinear
orthogonal
coordinates)

Ramm & Johannsen

1975

ZEM, phenomenological model

Radial integration

Carajilescov & Todreas

1976

One-Equation Model (OEM)

Finite difference

Slagter et al

1978

Slagter

1978

ZEM, modified mixing length
hypothesis

Finite element

i
!
1%
|
|
|
|

Bartzis & Todreas

1979

Two-Equation Model (TEM)

Finite difference

Seale

TEM, k-€, isotropic and anisotropic
eddy diffusivities

Finite difference

Trupp & Aly

1979

OEM

Finite difference

Seale

1982

TEM, k-e model

Finite difference

Slagter

1982

OEM, anisotropic eddy diffusivities

Finite element

Rapley & Gosman

1986

Algebraic sress model, k-e model,
wall functions

Finite element

Kaiser & Zeggel

1987

ZEM, algebraic model for k, 1 and
the eddy diffusivity

Finite element

Yueh & Chieng

1987

TEM, standard k-e model

Finite difference

Barbaro

1988

TEM, k-e model

Finite difference

De Lemos

1988

Algebraic stress model

Radial integration

Mohanty & Sahoo

1988

ZEM, two-dimensional eddy
diffusivity model

Finite difference

OEM, k-1 model

Slagter

1988

OEM

Finite element

Zegpel & Monir

1989

Monir & Zeggel

1990

ZEM, correlation for the turbulent
Prandtl number

Finite element

{__Monir & Tavoularis.
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Table 2.2: Summary of experimental investigations of rod bundle flows

e e e e o o e T T

o

Author(s) Array Geometry Subchannel P/D
square/triangular
square/triangular -
square inner 1.00 -
1.22 1.11
Palmer & Swanson 1963 triangular inner 1.015 - 20
Eifler & Nijsing 1967 triangular inner 1.00, 1.0s, - 15,30 &
1.10 & 50
1.15
Levchenko et al 1967 triangular nner 1.00 - 3.2 10
46.3
Presser 1971 triangular inner 1.00, 1.02, - 0.20 to
1.05, 1.20 200
& 1.67
Subbotin et al 1971 triangular inner 1.05, 1.10 - 50
& 1.20
Galbraith & Knudsen 1972 square inner 1.011 to - 8 to0 30
1.30
Rehme 1972 triangular - 1.025 to =P/D 0.60 to
2.324 500
H Marek et al 1973 square - 1.283 variable 10 to 300
II Kjellstrom 1974 riangular inner 1.22 - 37 o 150
Rowe et al 1974 square central & wall 1.250 1.250 50 o 200
1.125
Rogers & Tahir 1975 triangular inner 1.03 to - 8.1 10 49.5
1.40
Trupp & Azad 1975 triangular nner 1.20, 1.35 - 12, 84
& 1.50
II Carajilescov & Todreas 1976 triangular inner 1.123 - 27
II Kohav et al 1976 Square inner 11,12 & - 38t 116
1.3
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1987d
1988
1989
Chieng & Lin 1979 square/ triangular wall 1.156 1.156
Fakory & Todreas 1979 triangular inner 1.1 - 9 10 36
Seale 1979a triangular/ square wall 1.10, 1.185, 35 to 300
1.375 & 1.40 &
1.833 1.875
Tahir & Rogers 1979 triangular mner 1.06 -
Hooper 1980 square inner 1.194 & -
1.107
Seale 1982 square/ traingular wall 1.20 1.30
Hooper 1983 square inner 1.107 - 22.6t0
1.194 207.6
Hooper & Rehme 1984 triangular /square wall 1.071 1.026 to 54.6 to
&1.036 1.118 107
square inner 1.107 - 22.6 t0
&1.194 207.6
Abdelghani & Eichhom 1986 square wall/inner/corner 4/3 2/3 67 & 79.2
Renksizbulut & Hadaller 1986 square inner/wall/comer 1.150 1.123
Tahir & Rogers 1986 triangular inner 1.06 -
Tavoularis et al 1988 square inner 1.140 1.149 50t 110
Vonka 1988a triangular inner 1.3 - 60 & 175
Moeller 1989 square/ triangular wall 1.147 1.147 4 t0 70
Wu & Rehme 1990 triangular/square wall 1.148 1.045 61.1 70.7
1.074
Meyer 1991 triangular inner 1.12 -
Mdoller 1991 triangular/ square wall 1.072 1.072 20 to 150
Ouma & Tavoularis 1991a triangular inner 1.140 1.60 to
1.149
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} | Autho(s)

Year Array Geometry Subchannel
ype
! Ouma & Tavoularis 1991b triangular wall/inner
{ Guellouz & Tavoularis 1992 triangular wall/inner
l
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Table 3.1:

Reference

Dittus and Boelter
[1930]

Heat transfer correlations for circular tubes under fully developed conditions
(from Todreas and Kazimi [1989] and Groeneveld [1973])

>0.7
< 100.

Nu=0.023 Re"*pPr**

Expression

— e s T

Nu=0.023 R"*Pr'”

Cmments

Heating

cooling

liquid properties
evaluated at the bulk
temperature.

Colburn [1933]:

> 10°

>0.7
< 100.

Nu=0.023 R4 Pr”

Fluid properties
evaluated at the film
temperature.

Seider and Tate

[1936]

> 10¢

>0.7
<120.

Nu=0.023 Re"® PP (u-/u -

Fluid properties
evaluated at the bulk
tempcrature.

Kutateladze and
Borishanskiy [1966]

Nu=0.023 Re"*Pr**(T,/T,)"*

For gases

Fluid propertics
cvaluated at the bulk
temperature.

Nixon [1968]

>10*
<327x10¢

Nu=0.024 Re"7’Pr"’

For Water
Fluid
cvaluated at
temperature.

properties
the fi

Hadaller and Banerjee
[1969]

>6x10*
<6x10°

Nu:().0[0[Reﬂ.SNJP’_ﬂ.6112(L/DJ-0.0328

For superheated steam
Fluid properties
cvaluated at the fi
temperature.

Jeffries [1970]

>10*

Nu=0.0243 Re™*pPr™*
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For Organic coolants
Fluid properties
evaluated at the bulk
tempcrature.




18 partial rods on the channel wall.

[ | heated rod.

HofTman et al [1961]

Palmer & Swanson
[1961]

1.015

10 to 60

Heated strip on one rod.
Hexagonal channel.

Rogers & Chapman
[1963]

1.05.1.08

18to 110

R 2 heated rods and 2 dummy in a

circular channel.

Firsova [1964]

13 to 30

HEoffman et al [1966]

5to 2000

il 2 channels used: one circular and the

other scalloped around the rods.

Gasc [1966]

Markoczy [1966]

Redman et al [1966]

119 to 470

Simonek [1966]

200 to 700

Sutherland & Kays
[1966]

1.15.1.25

Alr

710 200

Rieger [1969]

3

1.25.1.6

water, water+
olycol

10 to 200

Hoffman et al [1970]

7

1.26

Alr

38 t0 63

Borishanskiy et al
[1971

7.7,7&19

LILI3. 14 &
1.5

10 to 400

Presser [1971]

(=}

1.00. 1,02
1.05.1.20 &
1.67

0.20t0 200 §

DifTerent test sections for each P/D.
Mass ransfer measurements.

Marek et al [1973]

S: LW

1.283

1.23.1.27

Helium

10 to 300

uare channels: one smooth and the

[§ other with 12 dumumy rods.

Lel'chuk et al [1977]

T:I

1.17

Alr

18 to 73

| Hexagonali channel.

|Berger & Ziai [1982]

Annulus
T: LW

1.0 to}1.456

Aqueous solution

20 to 200
20 to 200

Used an electrochemical technique.

T:I

1.25,1.38.1.50

Water

0.08 t0 50

# The hexagoneal channel size was
selected to provide the same flow

area per heated rod.

Sulc[1989]

Lozenge shaped channel.

El-Genk et al [1990]

1.21025

same as Kim &E)-Genk [1989].

El-Genk et al {1992}

0.3t025

 Square channel.

El-Genk et al [1993]

1.25. .38 &
1.5

0.251t0 30

g Square Channel.

Guellouz &
Tavoularis [1992]

l.14

48

il Heatad strip on one rod.

Trapezoidal outer sector of a

CANDU 37-rod bundle.

T and S refer to triangular and square arrays respectively. [ and W refer to inner and wall subchannels respectively.
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Table 3.3:

’ Miller et al [1956]

I Y P T

Compilation of the J-factor from available heat transfer literature

| o |
—___—___..__.__.{

t
[ ) 1.462 1.0 70 10 700 §
l
Hoffman et al [1961} 1.45 0.96 75
Palmer & Swanson ® 1.015 .51 10 [} Heated strip on one rod.
[1961] 1.015 0.68 50 !
Rogers & Chapman L3 1.05 0.606 50
[1963} 1.05 0.615 100
1.08 0.820 50
1.08 0.810 100
Firsova [1964] [ ] 1.2 1.0 10 ¥ Based on: No variation of heat
3 transfer around the rod periphery
Hoffman et al [1966] jm} 1.141 0.850 8.3 circular channel
0831 16.6
0.792 39.0
0.807 82.0
A 0.844 188.0
1.141 0.928 8.0 channel scalloped around the rods.
0.920 16.2 :
0.957 36.6
0.918 85.2
0.946 132.1
Gasc [1966] = 1.25 0.945 150
1.31 0.975
Markéczy [1966] 4 1.192 0.89 30 to 60 -
1.363 0.95 1§83
1.521 0.94 185
1.658 0.98 170
Redman et al [1966] [ 1.10 0.85 223-369 -
1.25 0.98 310.8
1.25 0.98 470.1
1.50 1.00 119.2
1.50 1.00 226.1
"Hox‘fman et al {1970] [ 1.26 0.95 50 -
Presser (1971] « 1.02 0.490 26 Mass transfer measurements.
1.02 0.516 41
1.05 0.768 IR
1.05 0.811 50
1.05 0.844 80
1.20 0.978 610 30
Irvine v .047 0.896 80 From Figure 22 of Groeneveld
043 0.886 [1973]
.030 0.769
026 0.776
.049 0.908 165 :
.043 0.851 ‘
031 0.891
.026 0.768
014 0.791 :
014 0.655 [y
052 0.961 215
051 0.964 :
037 0.929
1.031 0.779
1.030 0.901
.016 0.793
016 0.815 E
019 0.745 ]
012 0.765 250
1.012 0.802
1.012 0.752 i
.018 0.886
.023 0.894
.028 0.886 .
028 0.930 i
.028 0.761
030 0,921 .
.033 0.846 -
045 0.957
.052 0.958 ‘
056 0.957 .
.059 0.957
Berger & Ziai [1982] ] .023 0.75 100 Used an electrochemical technique.
042 0.85 ll Annulus data.
.070 0.88
.107 0.91
176 0.94 .
255 0.96 :
362 0.99 i
464 1,00 .
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Table 7.1: Estimates of the exponent, n, of the modified King's law.

is & Willi
(195’5) Hhams

0.02 to 44

Hatton et al. (1970)

<219

<40

| Andrews et al. (1972)

] 0.1110121

0.02 to 22

Haw et al. (1987)

05t05.6

009to 1

Observed deviation

from calibration
curve in the range

0.05t00.22 m/s”

ﬁ%%%])& Leutheusser

Tsanis (1987)

Bruun et al. (1988)

0.18to 1.08
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Table 7.2: Conditions and results of calibrations covering different velocity ranges.

0.00015

0.00013

0.00012

Table 7.3:  Characteristic angles and cocfficicnts of the AUSPEX AVE-3-102 three sensor probe

)

0° (reference)

121°
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Figure 2.1  Test sections of Guan and Darling [1963].
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Figure 2.2
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Test section of Rehme.
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Figure 2.3  Mechanism of vorticity production (from Perkins, 1970).
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Figure 2.4  Test section of Seale [1982].
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Figure 3.1  Cross-sections of the test-sections used in some previous investigations
(a) Rogers and Chapman [1963], (b) Hoffman et al [1966], (c) Irvine, (d) Presser
[1971], (e) Sulc [1989] and (f) Guellouz and Tavoularis [1992].
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(a)

Hoffman et al (1966} i
Hoffman et al (1966) * i
Sutherland & Kays (1966) :
Redman etal (1966) ]
Rogers and Chapman (1963)

Dingee etal (1955)

Kim & EI-Genk (1989)

Barishanskiy et al (1971)

Rieger (1969)

Compiled data '

Compiled data (Tower canfidence) |

Koziol (1965) ;

Krizek (1967)

0.2 I=0.836+0.462(1-e -387%PD-1) .
. — —— —  Groeneveld (1973) ‘

]
|

r | ===~ Presser(1967)
{

0.0 : — ' .
L0 12 1.4 L6 1.8 2.0 2.2 2.4

P/D

0.4 |

LrHnoeAt Rt 4»(]

0.6

Irvine

Compiled data

Dingee et al (1955)

El-Genk eral (1993)
I=0.883+0.464(]-¢ -27%3(P/D-1) )

0.2 L ; — —— —  Groeneveld (1973)
. 1

i

1

T

0.4

N<ie 4

— — — —  Presser (1967)

Lo L1 1.2 L3 1.4 1.5 1.6 L7 L8
P/D

Figure 3.2  Variation of the /-factor with the pitch-to-diameter ratio for triangular (a) and square
(b) arrays.
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P/D
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0.0
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P/D

0.6

0.2 b

”.0 1 ] i . i 1 ] - L
Lo 1.2 1.4 1.6 1.8 2.0 2.2 2.4

P/D

Figure 3.3  Variation of the /-factor with the pitch-to-diameter ratio for triangular arrays
(details).
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Figure 3.4

1+t
N S, A

Cross-section of a four-rod, square bundle, enclosed in a channel.
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Figure 3.5  Effect of number of rods on the /-factor according to Equation(4). (a) Re=10;
Pr=2.0 . (b) Re=10*; Pr=2.0 and (c) Re=10"; Pr=0.7.
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1.2

\ -
0.2 J=0.741(1-e-97.90(P/D-1})+0.254(I-e-7-05(P/D-1)) ]
————— Groeneveld (1973)
0.0 ‘ ’ : ' : ’
Lo 1.1 1.2 L3 1.4 L5 1.6
P/D
Figure 3.6  Variation of the J-factor with the pitch-to-diameter ratio (symbols as in Table 3.2).
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Figure 3.7  Variation of the J-factor with the pitch-to-diameter ratio, based on Irvine's
measurements (from Groeneveld, 1973).
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Figure 3.8  Contours of constant J-factor for different P/D and Re.

188



Lo

| f
0.8 | Re | -
1 | ——— 100,000. |
1! T 200,000. |
S P L N 400,000. |
I 06 | 800,000. |
=~ I !
N 3 \
AR
~ 04 L
(A
VoA -
RN
021\ N )
\\ \\\ RS —
N e
.0 e — j - ———— ! s St 22 LSS
1.000 1.025 1.050 1.075
P/D
Figure 3.9  J-factor variation with Reynolds number.
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Figure 5.1  Sketch of the flow facility showing the fan (1). the pressurc box (2). the
woven screen (3), the flow section (4), the rod (5) and the micrometers and
rod supports (6).

190



3353

280 126 305 305 305 305 457 from
Silde 8 Aentrance
737 | _305 I - & e - °
4 —o -
368 f‘r 38 \ %
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Figure 5.2  Static-holes and sliding plate positions for the test-section (dimensions in

mm).
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T81 1268

Figure 5.3  Plexiglass plug containing a) a static pressure tap and b) a flush-mounted hot
film (dimensions in mm).
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Figure 54  The Preston tube (dimensions in mm).
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Figure 5.5  Traversing mechanism for the boundary layer probe.
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probe .

Figure 5.6  Mechanism for azimuthal, radial and longitudinal traversing of the probes.
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R =10kQ
R, =2 kQQ (variable)
| Re =33 k2
E R =3.3kQ
R =27 kQ
R = 100 kQ (variable)
R, : resistance of thermistor

B

Sls

Figure 5.7  Thermistor clectronic circuits.
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305 square duct — .«

O @J@ [
. sm .

1400

Figure 5.8  The calibration jet (dimensions in mm), showing the IHP blower (1). the
heating coil (2), the flow control valve (3), the 127mm insulated square duct
(4), the turbulence reducing screens (5) and the 24:1 contraction (6).
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Figure 6.1  The flat plate (dimensions in mm).
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Figure 6.2  Wall shear stress measurements along the flat plate. Measured (@) and
theoretical (-—) values.
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Figure 6.3  Typical calibration curve of the hot-film shear stress probe.
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1.0 11 12 13 14 15
w/o

Figure 6.4  Wall shear stress variation with #/D at the rod-wall gap, measured with the
hot-film probe (@) and with a Preston tubc (O). normalized by the wall
shear stress valuc at W/D = 1.475.
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Typical hot-wire calibration curve.
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Figure 6.6  Typical resistance-temperature curves for two hot-wire sensors made of the
same material, but having different lengths.
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1.1

Figure 7.1 A sketch of the Charpy apparatus used as a pendulum.
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Figure 7.2 Sketch of the special calibration pendulum; r,, is the radius at the centre of
the concentrated mass (dimensions in mm).
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Time ()

1.0

Matched hot-wire signals corresponding to case 3 in Table 7.2; Signals

acquired with the sensor mounted at r,
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Figure 7.4  Relationship between the velocity exponent in King's law and thc maximum
wire-Reynolds number. © present data, O Aydin and Lecutheusser [1980], a

Tsanis [1987] and --- Equation (14).
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Figure 7.5
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102

Estimated errors in the measurement of velocity in the buffer sublayer, using
calibrations in different velocity ranges; @ reference profile, presumably
measured using the calibration equation for case 3, O profile obtained using

the calibration equation for case 1.
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Figure 7.6  Geometry of thc AUSPEX three sensor probe. showing sensor angles . o; and §; ,
and the coordinate system.
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60 b I i
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B

Figure 7.7  The uniqueness domain for the AUSPEX probe, with the red sensor placed in the
u-v plane (§=0). Probe characteristics as in Table 7.3
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Figure 7.8

Flow chart corresponding to the solution algorithm for the three scnsor probe.
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Figure 7.9  The dependence of the response of the blue sensor to yaw and pitch. Measured
data points (symbols) and fitted model (lines).
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Figure 7.10 Coherent spanwise velocity component obtained. for different threshold values. 4.
by ensemble averaging the VITA educed signals.
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Figure 7.11 Coherent spanwise velocity component normalized by their respective VITA

threshold value, 4.

214




/’ \\ ensemble average
of previous pass
y \ of previous pass ____

i
{
!
\

~
A

ﬂ
M\l"*‘lv\ll'"‘ . »J "';,‘-YJ‘._ ""l"‘;‘k‘- W s}
VY . ené??n"d}g.ﬂerage
| , 1 ’ ! [ 1 og the ’5 evclents 1

0.00 0.02 0.04 0.06 0.08 0.10

time (s)

Figure 7.12 A sample of VITA educed signals corresponding to the coherent spanwise
velocity component, and their ensemble average.
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Figure 7.13 Typical correlation functions of an educed signal with the previous pass ensemble
average, for various contraction/expansion factors  (the educed signal used here

is the middle signal of Figure 7.12).
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Figure 7.15 Coherent transverse velocity component obtained by VITA (pass 0 ) and the
enhanced VITA after 1, 2 and 3 iterations (passes | to 3), for a threshold &=0.7.
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Figure 7.16 Coherent spanwise velocity component obtained, for different threshold values, £.
by the enhanced VITA technique.

219



T-Te (K)

4; """""""""""""" L . . ¢ T o T L A
® @
o
[ ]
3 o
@
-,
®
2 e
1+
O 1 " ! : ! ; ul n ! N ! i ! : ! : ) !
0 10 20 30 40 50 60 70 8 90 100 110
time (min)
Figure 8.1  Flow temperature as a function of fan operating time.
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Figure 8.3  Axial velocity profile normal to the channel base for z/ZD=0.59 (A) and z/D=-
0.59 (o) for W/D=1.125.
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Figure 8.5  Coordinate systems and grid (5%5 mm in region | and 10x10 mm in region 2) for
the three-sensor probe measurements.

224



0.90 /0—'8_25 -

Figure 8.6  Isotachs (contours of constant J/U,) for W/D=1.100.
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Figure 8.7  Isotachs (contours of constant J/U,) and contours of constant axial and azimuthal
turbulent intensities (v 7U, and u,, 7U,) in the rod-wall gap obtained by the cross-
wire probe for W/D=1.100.
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Figure 8.8  Contours of the rms axial turbulent velocity (v 7U,) for W/D=1.100.
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Figure 8.9  Contours of the rms transverse turbulent velocity (v 7U,) for W/D=1.100.
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Figure 8.10 Contours of the rms spanwise turbulent velocity (w 7U,) for W/D=1.100.
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Figure 8.11 Contours of constant turbulent kinetic energy (&/U,”) for W/D=1.100.
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Figure 8.12 Contours of constant turbulent shear stress, uv/U ,,2 , for W/D=1.100.
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Figure 8.15 Contours of constant shear stress correlation coefficient uv/u

w/D=1.100.
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Figure 8.19 Power spectra of the spanwise velocity component at the center of the gap, except
for the cases with W/D=1.000 and 1.025, for which z/D=0.25 (arbitrary scale;

different spectra have been staggered by two decades).
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Figure 8.21 Space-time correlations with both probes located on the centreplane
(W/D=1.100).
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Figure 8.25 Examples of educed coherent velocities U g, (—), 1% g, (=)
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0.200,(c) y/D=0.050 and z/D=0.200,(d) y/D=0.050 and z/D=-0.400.(e) y/D=0.050
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Figure 8.26 Iso-surfaces of (<U>-U,)/U, for W/D=1.100; (a) and (b) -0.050, and (c) and (d)
+0.100 (the dashed lines represent the detection location).
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Iso-surfaces of <V>/U, for W/D=1.100; (a) -0.010, (b) -0.005, (c) +0.010 and {d)

+0.015 (the dashed lines represent the detection location).

Figure 8.27
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Figure 8.28 [Iso-surfaces of <W>/U, for W/D=1.100; (a) +0.065, (b) +0.050, (¢) +0.035, (d)

+0.015, (e) -0.015, and (f) -0.035 (the dashed lines represent the detection

location).
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Figure 8.29 Software generated pathlines, based on the measured coherent velocity field for
W/D=1.100, as seen by an observer travelling with the convective speed of the
structures (the dashed lines represent the detection location).

249



~~~~~

|\ TN
e
i

e

SN

~

N / A/
I Wﬂ,ﬁ’/” ,,,,,,,,, /‘,// :
o — Y/
e Q
e
SRR SN
\ﬁ\w AN\
/| \ \ ntl
W

Tmﬂ ’ Wi,

LT
ﬂﬂ” /””“%//lulu 1‘,....:.|

Ilh‘_,//(////qu J—
44"
Ml 2™
it Wi

...... [N SN

i

L

(]

Figure 8.30 A cross section, at y equal to half the gap width. of the measured coherent velocity
field of Figure 8.29, shown in a vector plot and visualized by software generated
pathlines (W/D=1.100).
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Figure 8.32 Examples of coherent velocities, educed by the enbanced VITA technique,

U U, (—), V/U, (-—)and W /U, (-----)at(a)»/D=0.050 and

2/D=0.000,(b) »/D=0.050 and zZD=-0.200,(c) 1/D=0.050 and /D=0.200,(d)
/D=0.050 and z/D=-0.400,(e) y/D=0.050 and z/D=0.400,(f) y/D=0.050 and /D=-
0.600,(2) /D=0.050 and ZD=0.600.
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velocities. normalized by the bulk velocity, U, , in the plane at y equal to half the
gap width (W/D =1.100). The detection location is at x/D= 0.
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Figure 8.3¢  Contours of (a) < (U-0)* >/ U;%, (b) T?/U? , and (c) < u,? >/ Uy in the plane at

v equal to half the gap width (#/D =1.100). The detection location is at x/D= 0.

254



z/D

(b)
0.0 X
02 QE.JQQQ
_ 0.002-"
Q -0.4 - 2
N_0.6
0.8 b
_1.0 N | ' 1 | | l | ] | l { | | l
-4.0 -2.0 0.0 2.0
x/D
(c)
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the plane at y equal to half the gap width (/D =1.100). The detection location is
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Figure 8.37 Samples of streamwise profiles of <(U-U)(W-W)>/ U,,2 at (a) D = 0.60 and
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Figure 8.39 Samples of streamwise profiles of <(V-MY(W-W)>/ sz at z/D = 0.60 and (b)
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Figure .40  Spanwise profiles of (2 IV (0, R (8), and 2212 (——--)

(6) ZIU; (a), v2U; (+), and vEL; (~==-)
(©) WU @), WU o &

;and

@), and w3/U? (----)  for wD=0.050 and

w/D=1.100.
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w/D=1.100.
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for y/D = 0.050 and
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Figure 9.1  Contours of constant w22k for W/D=1.100.
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Figure 9.2  Contours of constant v2/2k for W/D=1.100.
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Figure 9.3  Contours of constant w2/2k for W/D=1.100.
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Figure 9.4

Contours of constant vl—wz)/ U; for W/D=1.100.
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Figure 9.5  Average convective speed of the structures as a function of the wall subchannel
width (the dashed line is the fitted relation of Equation(3) in chapter 9} .
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Figure 9.6  Average streamwise spacing of the structures as a function of the wall subchannel
width (the dashed line is the fitted relation of Equation(5) in chapter 9) .
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Figure 9.7  Contours of the coherent transverse vorticity according to
(a) the triple decomposition and (b) the double decomposition.
Cross-section at a height equal to-half the gap width for W/D=1.100
(the dashed lines represent the detection location).
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Figure 9.8

Contoursof the coherent transverse vorticity according to the triple
decomposition. Spanwise and transverse cross-sections (the

dashed lines represent the detection location).
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Figure 3.9 Contours of the coherent spanwise vorticity according to the triple
decomposition. Spanwise and transverse cross-sections (the
dashed lines represent the detection location).
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Figure 9.10  Sketch of a physical model of the coherent structures that form in the gap region.
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Appendix

Sequence of Video Frames of
Smoke-Visualization of Coherent Structures



| ——— injoction location

Information Pertinent to the Presented Sequence of Video Frames

The frames correspond to a bottom view of the test-section.

The flow is from left to right.

Smoke was isokinetically injected in the centre of the gap.

The rod is shown in the figure above with the same scale and at the same location

as in the video frames.

The presented frames are separated by a time lapse equal to 4 s.

® The Reynolds number, based on the bulk velocity and the hydraulic diameter of the
entire channel, was Re, = 16,000.

° The gap width was such that #7D=1.050.

Instruction for use
To view an animated sequence of flow visualization frames, hold the

corresponding 13 pages together from the top right corner, bend at a 45° angle and
release the pages one by one at a steady rate.
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